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ABSTRACT
The numbers of salmonellas in raw sewage entering a treatment plant 
varied hourly and diurnally; their peak concentration preceded the peak 
influent waste water flow into the plant by about 2 hours. Salmonellas were 
detected in all raw influent samples collected from 2 sewage works and the 
mean population level at the daily peak period was about 3000 organisms/l 
On average, 70-80% of the salmonellas were removed in 6-7h during primary 
sedimentation when upwards of 76—82% of solids were removed* Biological 
treatment and secondary sedimentation removed a further 70-100% of the pathogen. 
Compared with the activated sludge process, the trickling filters were less 
efficient in removing salmonellas and they were adversely affected by increased 
loading following rainfall. The number of salmonellas in the final effluents 
varied from 0-50/1 in the activated sludge plant (overall salmonella removal 
efficiency = 99,83%) and 1-2500>/l in the trickling filter plant (overall 
salmonella removal efficiency = 98,70%); these results suggest that greater 
emphasis should be placed on the actual quality of the effluent rather than 
on percentage removal efficiencies. The performance of both processes were 
discussed in relation to the current E.E.C* guidelines concerning the level 
of salmonellas in surface waters intended for both drinking and swimming,
A total of 43 different serotypes were isolated, and of these, only 21 
were common to both towns. The common serotypes included, in order of 
decreasing frequency, 5. typhimurium, S, bredeney, 5. virchow, S, reading,
S, st, paul and S, aqona. The isolation of several species from the sewage 
coincided with the occurrence of clinical cases of salmonellas infection in 
the human population in the town concerned.
Removal of salmonellas from waste water was studied in a laboratory model
of the activated sludge process. It appeared to occur in two phases. During
the first phase, the salmonellas were rapidly adsorbed to the activated sludge
floes and was completely removed from the liquid in under 15 hours. There­
after, a slower elimination was observed which was due to predation by ciliate 
protozoa. This was confirmed by inhibition of predation in the presence of 
manoxol which inactivated the ciliate protozoan populations. The rate of 
salmonellas destruction increased with increasing temperature up to 25°C.
At 30°C, the ciliate protozoa were destroyed by heat and the salmonella 
removal rate fell dramatically,
A batch anaerobic digestion process was efficient at eliminatingI
salmonellas in raw sludge, A 7—log^Q reduction was achieved in under 9 days 
but the pathogens survived for considerably longer periods when the proportion
Ill
of raw sludge in the digester was reduced. The bactericidal agent was most 
effective at low pH ( <  5.0) and appeared to comprise the volatile fatty acids, 
Simple storage of raw sludge in open vessels also led to reductions in their 
salmonella content but was markedly less efficient compared to the anaerobic 
digestion process. The reasons why intermittently fed anaerobic digesters 
do not attain maximum pathogen kills were discussed in the light of the 
experimental results obtained, and proposals were made to modify the mode of 
operation of digesters to improve the efficiency of the process with regard 
to the elimination of the salmonella group and other microbial pathogens.
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SECTION I INTRODUCTION
The rapid industrialization and increase in population in many parts 
of the uorld has brought pressing demands on the available water resources. 
This has led both developed and developing nations to adopt various forms 
of recycling waste \jaters for domestic, industrial and recreational 
purposes,
Spray irrigation of agricultural crops with partially or highly treated 
waste water effluents is already*a popular means of extending water re­
use, Since treated domestic waste water contains more fertilizer elements 
(primarily N, P and k ) than do most other forms of irrigation water, it 
offers a convenient and economical.method of transporting nutrients to land 
for fertilization. Similarly, the application of sewage sludge at appro­
priate rates to agricultural land represents a particularly tempting and 
potentially valuable re-use of materials. However, acceptance of these 
forms of recycling requires an understanding of the environmental risks 
of transmitting pathogens from the effluents and sludges. An important 
aspect of using waste water treatment products for agriculture is the
sanitary significance of the presence of pathogens and the possibility
of transmitting pathogenic bacteria, viruses, protozoa or helminths, 
both to human and animal populations. Epidemiological evidence indicates 
that potential health risks may arise from the use of waste water for
spray irrigation, since the incidence of human enteric communicable diseases
was found to be two to four times higher in agricultural settlements 
irrigating with waste water than in communities not practicing this form 
of irrigation (Katzenelson, E. et al. 1976), The conventional sewage 
treatment processes do not guarantee water or sludge free from pathogenic 
microorganisms although the concentrations may have been reduced. Thus 
the use of sewage sludge as fertilizers and soil conditioners has 
stimulated research over the possible transfer of pathogens to grazing 
animals.
Amongst the earlier quantitative studies relating to the removal of 
the pathogenic salmonellas during sewage treatment was that presented 
by Green and Beard (1938), They showed that the trickling filter process 
removed 95—99% of salmonellas while the activated sludge process removed 
91-99% of 5. typhi in the mixed liquor after 6 hours aeration. Although 
most of the data presented later are similar to those reported earlier, 
the work that has been carried out was mainly laboratory experiments or 
short-term studies which involved dosing of biological filters with known 
concentrations of the pathogen. There have not been any intensive long­
term studies reported in the literature on salmonella removal efficiencies
during waste water treatment where pathogen removal is examined in 
relation to operational conditions at the plant as well as to environ­
mental factors such as temperature and precipitation.
Due to the large volumetric flows which must be handled it has been 
impracticable to exert temperature control over biological waste water 
treatment processes. Such processes therefore operate at ambient condit­
ions and the related rates are subject to seasonal variations which 
diminishes effectiveness during cold periods of the year. However in 
recent years some attention has been given to the feasibility of using 
electric power plant waste heat for controlling the temperature of 
waste water treatment processes and the concept of integrating power 
production 'and waste treatment systems is being advocated, especially 
in the United States (Collins et al. 1978). The few studies that 
have been carried out to determine the specific influence of temperature 
on the efficiency of waste water treatment processes show that chemical 
effluent quality is significantly improved for any increase in tempera­
ture from 10° to 30°C, However, no work has been done to determine 
whether operation at any particular temperature would enhance the 
destruction of bacterial pathogens, including salmonellas, in the waste 
water. In addition, the kinetics and mechanism(s) for the destruction 
of salmonellas in activated sludge have not been adequately studied.
Data in the literature relating to the degree of removal of salmonellas 
during mesophilic, anaerobic digestion are insufficient to permit a 
meaningful evaluation of the potential efficiency of the process. This 
is partly because of the variety of operating conditions, the inadequacy 
of design of digesters and also because most workers have used qualitative 
techniques to measure the effectiveness of sludge treatment in removing 
pathogens. However, there are indications that this process may effect 
a significant reduction in pathogens if the process is optimised, but 
negligible reductions are likely if the process is not controlled. The 
principal factors which effect the survival of salmonellas in anaerobic 
digestion are (i) retention time, (ii) temperature, (iii) pH, (iv) solids 
concentration and (v) mixing. Most digesters are run with a nominal-theor­
etical retention time of about 25-30 days, are fed intermittently and 
are incompletely mixed, Managers do attempt to control pH, do control 
temperature at about 35°C but have little control over mixing and solids 
concentration. It may be deduced that the mode of operation is probably 
never optimal for pathogen removal. These facts suggest that a baseline 
study is required to assess the survival of pathogens in a batch process 
before investigations of continuous or intermittent feeding with sludge
are attempted.
The objectives of this study are therefore;
(i) To carry out a one year field survey of the activated sludge plant 
at Guildford and the trickling filter plant at Woking to determine:
(a) the level of salmonella contamination in the waste water 
from these tü'o towns:
(b) the salmonella removal efficiencies by the two treatment 
processes,
(c) detect the predominance of any particular serotypes in each 
area. -
(ii) To correlate plant operational parameters and environmental
factors with salmonella removal efficiencies at the two works 
in question.
(iii) To determine the specific effect of temperature on the survival 
of salmonellas in activated sludge.
(iv) To determine the kinetics and mechanism(s) for the removal of 
salmonellas by activated sludge,
(v) To measure the salmonellas concentration in raw and anaerobically 
digested sludge and to evaluate the survival of salmonellas during 
anaerobic digestion in batch and intermittently fed processes,
(vi) To examine the effect of temperature (mesophilic to thermophilic
range) on the destruction of salmonellas during anaerobic digestion,
(vii) To attempt to identify the bactericidal agent(s) in sludge.
SECTION II REVIEW OF THE LITERATURE
This study is designed to investigate the survival of salmonellas 
during different stages of sewage treatment including anaerobic digestion. 
In order to evaluate the results obtained in this study, it is necessary 
to understand certain basic concepts in sewage treatment, the essential 
microbiology of the process and the significance of water as a vehicle 
for the transmission of salmonellas. This background material is 
developed in this section,
1, BIOLOGICAL CONTAMINANTS IN WATER
The importance of safe water supply and proper waste water treatment 
and disposal has been recognised and approved, although not applied, 
universally. They are both major environmental issues that are mutally 
related to and complement each other, Many epidemics of the past have 
been caused by the contamination of raw water by disease-causing organisms; 
the following short selection of accounts of water-borne epidemics serves 
to illustrate certain important points;—
1, London, 19th century. Cholera, Throughout this period much of 
London’s water supply continued to be drawn from the polluted 
tidal reach of the river, the intakes being interspersed between 
the sewer outfalls. Very little of the water was filtered and
it is not surprising, therefore, that once cholera was introduced 
into London in 1832 it remained more or less endemic and at 
times reached epidemic proportions (e.g, the Broad Street 
epidemic, 1854) as long as these conditions persisted. This 
situation demonstrates the danger not only of using a heavily 
polluted source but of delivering it without any purification 
whatsoever,
2, Hamburg, 1892, A cholera epidemic occurred which resulted from 
using sewage polluted water from the river Elbe as potable 
water but in which a town (Altona) further downstream, which 
used the same source, escaped the disease outbreak by using 
slow sand filters for water treatment. Thus the slow sand 
filters constituted a barrier to infection,
3, Mialton, 1932. Typhoid, This is an example of a generally 
polluted supply requiring merely specific infection to cause 
an epidemic. The outbreak originated from a typhoid patient
whose excreta passed through a sewer which leaked in many places 
and was actually broken and discharging much of its contents into 
the ground some 250 yrd from the well which supplied Malton.
In all some 270 people contracted typhoid and, of these, 23 died,
4. Chicago, 1933, An outbreak of dysentery occurred at two large 
hotels. The circumstance responsible for the start of the 
epidemic involved a leaking house sewer which contaminated a 
tank containing drinking water in one of the hotels. An over­
loaded sewer was cross-connected in two places to condensers 
of ice machines, the water from which was reused for supplying 
that hotel and another with drinking water. The^  outbreak then 
spread to the second hotel,
5, Croydon, 1937, Typhoid, This outbreak occurred during the
repair of a supply well by workmen, one of whom was a typhoid
carrier. This incident showed the need for observing adequate
sanitary precautions on waterworks and more particularly for 
excluding established or suspected carriers from any work in 
which men are brought into contact with water.
From the point of view of control of water-borne diseases, these 
outbreaks clearly demonstrate the problem of unprotected, untreated 
water supply and inadequate waste water disposal. In nearly all the 
cases mentioned the infection was caused either through failure to treat
the water supply or by an inadequate or faulty sewerage system. Although
these deficiencies have almost disappeared in the urban sectors of developed 
countries and some developing countries, the situation remains unimproved 
in most rural areas of the world (Diamant, 1979),
It is therefore clear that an effective protection of water sources 
(and hence prevention of water-borne disease outbreaks) depends to a very 
large extent on the availability of proper waste water disposal facilities. 
Through an efficient treatment process the quantity of potentially 
pathogenic microorganisms which is discharged with the effluent into, 
receiving waters may be substantially reduced. These infectious agents 
are excreted in the faeces and occasionally also in urine, and include 
pathogenic bacteria, viruses and parasites (Table 1), Some of the 
diseases which they cause, like typhoid and cholera, are spread mainly 
by contact between man and polluted water whilst others, like schisto­
somiasis for instance, are transmitted through the intermediary of a 
host which lives in the aquatic environment. Therefore, changes in
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excreta disposal and treatment practices which will prevent sewage from 
reaching watërs in which the aquatic hosts live will exert some control 
over the occurrence of schistosome infections. However such changes can 
only have a slight effect on the transmission of the classical water­
borne diseases like typhoid and cholera. This is because their control 
also depend on eliminating direct transmission (anal-digital-oral) 
through personal and domestic cleanliness which may well require major 
improvements in water supply and housing, as well as major efforts in 
health education. The picture is further complicated for the salmonellas 
by their ability to infect a wide variety of animal hosts and to produce 
a symptomless human carrier state. Nonetheless, the complex routes by 
which these organisms are cycled through the environment suggests that 
the water route is still an important one and any measure designed to 
reduce salmonella contamination of the aquatic environment will contribute 
towards reducing the number of water-borne or water—related salmonella 
infections,
2. SALMONELLAS AND SALMONELLOSES
Members of the genus Salmonella belong to the Enterobacteriaceae,
The genus consists of small. Gram negative, nonsporing rods which are
generally motile except S, qallinarum (pullorum), The so-called species
within the genus are classified by antigenic analysis which is based 
upon the original work of Kauffmann and White (Kauffmann, F, 1975) and 
relies on the fact that each antigen possesses its own genetically
determined specificity. Thus species and varieties are placed in groups
according to similarities in content of one or more somatic or ’0’ 
antigens and for further classification, the flagellar or *H* antigens 
are employed. Over 1,800 salmonella serotypes are presently recognised, 
and the number increases yearly. The biochemical reactions frequently 
used to distinguish the salmonellas from other genera of the Entero­
bacteriaceae include the fermentation of lactose, sucrose, glucose, 
mannitol, xylol and D-tartrate as well as the reactions with lysine 
decarboxylase, urea and TSI agar.
All species and strains of salmonella may be presumed to be potent­
ially pathogenic for man although some are rarely implicated in human 
infections. The disease syndromes can be divided into two clinical 
types: (1) gastroenteritis, occasionally complicated by salmonella 
septicemia, and (2) enteric fever of the typhoid or paratyphoid type.
The enteric group of fevers are caused by four organisms which show a strong 
host specificity for man and do not normally infect animals under natural
conditions. They include 5, typhi, the causative agent of typhoid fever, 
and S. paratyphi A, 5, paratyphi B and S, paratyphi C, which are the agents 
for paratyphoid fever, which is essentially similar to typhoid fever but 
is clinically milder end of shorter duration. Hotnever, S. paratyphi B has
been isolated from lower animals on numerous occasions. The other
salmonellas which infect animals naturally are less virulent for man and 
usually result in localized gastroenteritis with symptoms of vomiting, 
abdominal pain and diarrhoea of varying severity.
Infection is invariably via the oral route, by ingestion of sufficient
numbers of the organisms in food or drink. From the results of experimental
salmonella infections it appears that the bacilli attach to the epithelial 
cells of the intestinal villi and induce their own intake into the cells 
by a process akin to phagoêytosis. They pass through the cells and within 
24 hours are found in the lamina propria and submucosa where they are 
rapidly phagocytosed by polymorphs and macrophages. The pathogenicity 
of 3. typhi appears to depend primarily on their ability to remain viable 
and multiply within the phagocytes, which they may then kill and thus 
escape. From the submucosa of the small intestine the organisms pass 
via the lymphatics to the lymph nodes, and after a period of multiplication, 
they invade the bloodstream via the thoracic duct; the liver, gallbladder, 
spleen and kidney become infected during this primary bacteraemic phase 
in the first 7 to 10 days of the incubation period. After multiplication 
in these organs, the organisms pass into the blood, causing a secondary 
and heavier bacteriaemia. Also, a further invasion of the intestine 
occurs from the infected gallbladder, resulting in characteristic typhoid 
ulcers and haemorrhage of varying degrees. Fever and illness continue for 
3 to 4 weeks and salmonellas are present in the blood and also in the 
intestinal contents and faeces. The bacilli may also localise in the 
kidney and appear in the urine, sometimes producing the marked bacilluria. 
Unless given adequate treatment, the development of the disease into the 
later pathological stages can be fatal. In contrast, infections by 
S, paratyphi are less severe and death is uncommon.
3. THE OCCURRENCE AND TRANSMISSION OF SALMONELLAS IN WATER AND WASTE WATER
Bradley (1974) and Feachem (1977) classified pathogens which may be 
associated with water as, classical water-borne (faecal—oral transmitted 
agents e.g. cholera and typhoid), water-washed (skin and eye infections 
e.g..trachoma), water-based (Schistosoma in snails) and water-related 
insect vector (which transmit disease such as sleeping sickness and malaria) 
The water-borne disease is defined as one which is transmitted when the
pathogen is in water which is then drunk by an animal or human which may 
then become infected. Thus both typhoid and paratyphoid can be categorized 
as being truly water-borne diseases since they may be transmitted by the 
ingestion of water cont^inated with faecal material containing the pathogen. 
Nevertheless, it is essential to realize that all water-borne diseases can 
also be transmitted by any other route which permits faecal material to be 
ingested (e,g, by contaminated food).
3,1 Occurrence
(1) Human and animal infections
Diagnosis of human infection with" salmonellas indicate that infection 
by 5. typhi and 5, paratyphi B continues to be very common in most parts 
of Asia, Africa and Central America (WHO Weekly Epidemiological Record
1976 ). While the annual incidence of typhoid for most of northern end 
western Europe has fallen to around 1—5 cases per 100,000, the morbidity 
rate in Sri Lanka, for example, varied from 35,1 - 54,4 per 100,000 
during 1970-1974, In the same period (1970-1974) reports from Senegal and 
Upper Volta both suggest typhoid to be the most common Salmonella infection 
(for Tropical Africa), S, paratyphi B is also regularly amongst the
15 leading serotypes isolated and occupied first place in Spain, second 
in Lebanon and third in Malaysia (W,H,0, Weekly Epidemiological Record,
1977 ), However it must be borne in mind that the varying incidence
figures notified by the different countries reflect the extent to which 
interest is concentrated on the general salmonella problem as well as on 
particular serotypes occurring in these countries. Many of the reported 
infections with 5, typhi were frequently family outbreaks caused by 
asymptomatic human carriers. Several outbreaks of S, typhi and S, paratyphi 
were caused by shellfish and other food products, for example, potato 
salad, sausages, and fresh meat (WHO Weekly Epidemiological Record 1977 ),
Epidemics of water-borne origin occurred on several occasions (see part 3,3); 
they were essentially * common source’ outbreaks in which the community 
water supply was contaminated with faecal material.
In infections other than by S, typhi and S. paratyphi, the serotype 
charged generally involve an animal reservoir and transmission through 
foodstuffs in which multiplication takes place; these foodstuffs may be 
derived, ^ from an infected animal or may have been contaminated by contact. 
However, there are also cases of propagation through contact of man with 
animals (Hunter et al, 1976) and cases of propagation in the hospital 
environment are becoming increasingly frequent (Anon, 1978), Some of
10
the commoner Salmonella serotypes occurring in man includes
Namf
S. typhimurium (l,4,5,12;i:1,2) S, anatum (3,10;e,h:1,6)
5. enteritidis (l,9,12;g,m;-) S. panama (1,9,12;l,v:1,5)
S, aqona (l,4,12;f,g,s:-) S, derby (l,4,5,12;f,g:1,2)
S. newport (6,8;e,h:1,2) S, thompson (6,7;k:1,5)
S. heidelberq (1,4,5,12;r:1,2) S, wettevreden (3,12;r:Zg)
s. aqama (4,12;i:1,6) S. oranienberq (6,7;m,t:-)
s. infantis (6,7;r:1-,5) S, eastbourne (l,9,12;e,h:1,5)
s. reading (l,4,5,12;e,h;1,5) S. give (3,10;l,v:1,7)
s. poona (1,13,22;2;1,6) S. Stanley (l,4,5,12;d:1,2)
s. senftenberq (1,3,19;g,s,t:-) S, brandenburo (l,4,12;l,v;e,n,z^g)
In Great Britain, the total number of salmonella incidents (2091) 
reported in all animals fell quite noticeably in 1977 compared with the 
totals for 1976 (3169) and 1975 (2465). There was a steady increase from 
1725 diagnoses in 1958 to a peak of 2695 in 1960 when there was an endemic 
outbreak of S. pullorum and S. qallinarum in poultry. Introduction of 
blood testing in poultry plus changes in husbandry practices led to a rapid 
decline in the incidence of these serotypes and in the total diagnoses of 
animal salmonellosis recorded. However, a serious epidemic of S. dublin 
in cattle developed in 1964 and in 1965 the total diagnoses increased 
steadily until 1969 (4012 diagnoses compared to 115 in 1958) when the 
introduction of a vaccine for use in calves brought a slow but steady 
decline in the epidemic of S. dublin. There were also relatively minor 
epidemics of S, choleraesuis in pigs, which lasted until about 1971, and 
of S. abortus ovis in sheep, lasting until 1970 (Animal Salmonellosis, 1977 
Annual Summary, ADAS), In 1978 the total number of salmonella incidents 
reported in all animals fell from 872 in the 1st Quarter to 789 in the 
2nd Quarter, The highest incidence was caused by S. typhimurium infection 
in cattle (229 cases), poultry, sheep and pigs, in decreasing order,
S. dublin caused the next most numerous infection in cattle (197 cases) 
while in poultry, 5. hadar occupied second place followed by S, anatum 
in third position (Animal Disease Report, 1978).
(2) Aouatic environment
Salmonellas are frequently detected in the polluted water environment 
including sewage, sewage effluents, stormwater, streams, and tidal waters 
(McCoy, 1964; Hendricks and Morrison, 1957; Yaziz and Lloyd, 1979). Also
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surface waters draining cattle pastures and barns constitute probable 
sources for the organisms in river water (Hooper, 1970). In a study 
conducted to determine the occurrence and distribution of bacterial and 
viral pathogens in a coastal canal, Gerba et al. (1977) found higher 
numbers of salmonellas in the bottom sediments than in the overlying 
water. Also the greatestnumber of indicator organisms and pathogens 
occurred near the sewage effluent outfall in both water and sediment 
samples. This distribution was also demonstrated by Kampelmacher and 
van Noorle Oansen (1976) and Harbourne et al, (1978), and confirms the 
the notion that effluents'from sewage treatment plants is an important 
factor in the contamination of rivers. Similarly the distribution of 
salmonellas in sea water was shown to depend on the site of outflow of 
sewage and also on the influence of rivers flowing into the littoral 
zone (Wemyrya, 1978),
In a study to d^eTHiine the role that salmonellas in effluents play in 
infection cycles, Kampelmacher and van Noorle Gansen (1976) measured 
quantitatively the fate of these bacteria at various points after 
discharge of the effluents to surface waters. They found that salmonellas 
could not be detected approximately 3 km from the point of discharge even 
when the numbers of the organisms in the effluent was 1800/100 ml. They 
therefore concluded that only the installations and their immediate 
surroundings are important in relation to the spread of salmonellas. 
However, it must be emphasized that their survey involved only very 
small installations which discharged only small volumes of effluents.
Where larger plants discharge a large effluent volume continuously, 
salmonellas may be present in the receiving water at greater distances 
from the point of discharge. Furthermore, only the overlying water 
samples had been examined in this study whereas it had been demonstrated 
(Gerba et al. 1977) that more salmonellas could be recovered from the 
bottom sediments than in the free-flowing water.
The persistence of the salmonellas in the aquatic environment has 
also been studied by various workers (Gordan et al, 1904; Heukelekian 
and Schulhoff, 1935; McFeters et al. 1974; Mitchell and Starzyk, 1975), 
Since water is not the natural environment for these pathogens, they 
are usually unable to multiply or survive for extensive periods. Generally 
their survival is influenced by the same factors that control the 
persistence and die away of bacterial pollution indicators (e.g. E. coli) 
viz. sedimentation (especially if the bacteria are attached to particles), 
starvation, sunlight, pH, temperature plus competition with, and predation 
by, other microorganisms. In general bacteria survive well at low
12
temperatures (<5°C) and rapidly die at high temperatures (>40°C). For 
example at 2°-3°C S« typhi survived up to 3 days in unpolluted river water, 
<12 days in polluted river water and 17 days in sewage. However, between 
22°“37°C the bacteria was reduced 99/ in 3 days in the unpolluted river 
water and between 1-2 days in sewage and polluted river water (Heukelekian 
and Schulhoff, 1935), There is also evidence to indicate that limited 
enteric bacterial growth may occur in particular fresh water environments, 
especially in waters below sewage outfalls; it was demonstrated that 
Salmonella senftenberq apparently increased in river water taken below a 
sewage outfall (Hendricks; 1972)”, These enteric bacteria can also 
metabolize substrates found in extracts of bottom sediments taken from 
the watercourse (Hendricks, 1971),
3.2 Reservoirs of infection
Animals, both domestic and wild, provide the largest single natural 
reservoir for disease that can be transmitted to man. As such they are 
important in the etiology of a number of bacterial diseases that can be 
transmitted via the water borne route as well as by direct contact or 
contamination of foodstuffs. Humans, in turn, may become primary hosts 
and carriers of some of these diseases (Fig, 1),
Infections with S. typhi are confined to the human species; the source 
of infection is therefore the human case or carrier. S, paratyphi B is 
also a human pathogen, but it has been isolated from animals on numerous 
occasions (Fukumi et al, 1967; Slanetz et al. 1968; Biesold and Behrend, 
1970),S.paratyphi A infections appear to be confined mainly to people.
Animals of all types form a large widespread reservoir for the many 
salmonella species or serotypes that can infect man. The occurrence of 
salmonellas in animals affect human health because of the problems of 
contaminated human food prepared from slaughtered contaminated meat, 
environmental pollution caused by wastes from infected animals, and 
persistence of the organisms in wild animal reservoirs ([del et al. 1975 
and 1976)* Pantaleon (1976) reported that more than 60/ of salmonella 
isolates in France were avian strains. Approximately 8.3/ of 495 pet 
birds examined by Forster and Burrow (1976) yielded S, typhimurium,
Surveys of gull faeces have revealed notoriously high incidence (17-50/) 
of excretion of salmonellas including 5. paratyphi B, S. typhimurium,
5, enteritidis, S« brandenburo, 5, hadar, 5, bredeney, S, panama and 
3, Stanley and this has been attributed to their scavenging activities 
notably at sewage works (Berg and Anderson, 1972; Fennel et al, 1974; 
Williams et al, 1976).
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Fig' 1• Some of the principal and lesser transmission routes in the 
cycling of salmonellae (Adapted from Feachem et al. 197s)
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Pigs rival birds in the variety and frequency with which they are infected 
with salmonella, but almost all their infections, with the exception of 
S. chclerae-suis, are symptomless. Examination of 500 pig gall bladders 
yielded 84 strains of salmonella including S. heidelberq and S.infantis 
(Chimi, 1975), Salmonellas were isolated from pig slurry from 22^ of 54 
farms in Great Britain (Oones et al, 1976), Cattle may be a lesser 
reservoir but nonetheless are frequently infected with 5. typhimurium,
S, dublin and 5, enteritidis (Animal Salmonellosis, Annual Summary, 1977), 
Oones and Matthews (l975)-reporting on the examination of cattle slurry 
for pathogenic bacteria found that of 187 samples examined 20 (11^) 
contained salmonellas mostly at low concentrations. There appears to be 
a low endemic level of background salmonellas in cattle slurry, without 
signs of clinical cases on the farms sampled. Salmonella typhimurium,
S. dublin and S. enteritidis have also bem isolated from sheep. Hunter 
et al» (1976) reported an outbreak of S, typhimurium in sheep that spread to 
cattle and farm personnel.
Reptiles and amphibians harbor numerous species of salmonella. Lizards, 
tortoises, turtles and aquarium snails have a high carrier rate for a 
variety of exotic salmonellas which may cause human infections locally 
(May, 1975; Rhode et al, 1975; Bartlett and Trust, 1976). Insect trans­
mission of salmonellosis is presumed, but is difficult to substantiate.
Salmonellosis in laboratory animals present a health risk to laboratory 
workers, Mohan et al. (1976) reported three outbreaks of salmonellosis in 
guinea-oigs involving S, enteritidis, S. typhimurium, S. weltevreden and
S. bredeney, Koopman and Danssen (1975) examined faeces of laboratory 
animals and recovered salmonellas in 18^ of 587 dogs, 6^ of 719 cats, 5^ 
of 322 monkeys, 64^ of 550 reptiles and 27% of 186 other animals,
3,3 Transmission of salmonellas by water and waste water
The disposal of untreated waste water in water courses is one of the 
major contributors to the spread of water-borne diseases in developing 
countries (Gracey et al, 1979). This is because in these countries the 
majority of people living in the rural areas collect their water from 
contaminated surface resources and use it in it raw stage. It is also 
true particularly from the poorer sections of the urban population, many 
of whom 'live in inadequate sqatter settlements near these surface waters.
In order to appreciate the magnitude of the contamination, let us consider 
a theoretical treatment plant that is able to provide 99,99^ : microbial 
reduction. Thus if there are 2 x 10 E. coli/ml of raw sewage going into
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the plant, only 0.01^ (200 E.coli/ml) will be discharged. Therefore in
100 ml of the treated waste water there will be 2 x 10^ E.coli organisms.
Uhen this treated waste water is diluted in e watercourse at a dilution
3rate of 1 : 10, the mixed water will contain 2 x 1 0  E.coli in a 100 ml 
sample. The maximum tolerance of E.coli in drinking water according to 
public health standards for rural areas is lO/lOO ml (WHO, 1971) which 
is 200 times lower than what the "excellent" theoretical treatment plant 
can produce after dilution in the watercourse. Indeed, Gracey et al. (1979) 
found that the number of Enterobacteriaceae in specimens from river waters 
and can 
sample.
als in Dakarta (Indonesia) ranged from 1,3 x 10^ to 7,9 x 10^/ml of
In the developed countries,- however, the dilution method can be practiced 
because the population has been almost entirely provided with safe, piped 
drinking-water supplies from reliable sources. In these countries, the 
classical water-borne epidemics occur more commonly through failure of 
some disinfection system during water treatment or as a result of contam­
ination of the public water supply system resulting from a fault in the sew­
erage network. For example, an epidemic of 75 cases of water-borne origin 
associated with S, typhi phage type E^a was reported in France in 1975,
It was the classical type i.e. the drinking water table had become 
contaminated by the sewerage network and the disinfection system failed 
to operate. Both S, typhi and S, paratyphi 8 was present among the sero­
types isolated from surface or sewage water (WHO Weekly Epidemiological 
Record, 1977 ), However, isolated outbreaks due to other strains do
occur although rarely, for example, the United States reported an outbreak 
of 50 cases associated with S, typhimurium caused by contaminated drinking 
water at a caravan site, while Norway had an outbreak of 6 cases associated 
with S, java due to faecal contamination of drinking water (WHO Weekly 
Epidemiological Record, 1977 ),
Transmission also occurs via polluted water by contact (food preparation 
premises and equipment, waste water, animals). An example is the Aberdeen 
typhoid outbreak of 1964 which was the result of contamination of a can 
of corned beef during manufacture, specifically during the cooling process, 
which was carried out with raw, sewage—contaminated river water (Anderson 
and Hobbs, 1973). There are also well—documented instances of contamination 
of milk, salad vegetables, fish and shellfish (Harmsen, 1953; Winkle and 
Rhode, 1967; Metcalf, Slanetz and Bartley, 1973; Banssen, 1974),
Another important aspect of the transmission of salmonellas is the 
application of sewage sludge to farmland as well as the widespread use of
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waste water effluent for irrigation, Hess et al, (1974) recovered 
Salmonella species from 83,6^ of 219 various sludge samples collected 
at 44 different waste u'ater treatment plants, Katzenelson et al, (1975) 
compared the incidence of enteric infections, including salmonellosis, 
in 207 kibbutzins that use sewage effluent for irrigation with those 
that did not. Their results showed that the disease incidence was 2-4 
times higher in settlements utilizing sewage for spray irrigation, A 
review of the disease risks of occupational exposure to sewage (Clarke 
et al. 1976) found that there did not appear to be a greater incidence
of diease among employees at waste water treatment plants than in other 
sections of the community, but many of the investigations reviewed did 
not appear to be altogether satisfactory because they were not retro­
spective to the period before the -workers were employed in sewage treat­
ment and because there were not always adequate statistical controls.
This review also suggested that frequent contact with pathogenic micro­
organisms in waste water might produce a state of immunity in the 
workers,
3,4 Infective Dose
There is considerable disagreement regarding the minimal infective 
dose for salmonellas in humans, Hornick et al. (1970) provided data3which suggested that at least 10 organisms must be ingested before any 
individual is likely to acquire infection, Taylor and McCoy (quoted by 
D’Aoust and Pivnick, 1976) reported that between 10^—10^ organisms must 
be ingested to acquire infection, Lang et al, (1967) using orally4administered carmine dye estimated that as few as 1,5 x 10 viable cells 
could establish infection. However, more recent information demonstrates 
that doses as low as 50 organisms may be sufficient, particularly where 
there are unusual physiological circumstances e.g. malnutrition, early 
childhood when the immunological response is not fully developed, broad 
spectrum antibiotic therapy. At least one water-borneoutbreak has been 
caused by the ingestion of small numbers of the organisms (D’Aoust and 
Pivnick, 1976),
The infectivity of salmonellas to cattle was studied by Hall and 
Oones (1973), Crown calves were fed on a diet seeded with ra-.; sludge 
(containing <C10^ salmonellss/lOQml) at a rate of 1 litre/animal/day 
for 28 ,days. However, none of the four animals showed signs of disease 
nor could salmonellas be isolated from the faeces of the animals or 
from their tissues at post-mortem. Similarly, Taylor (1973) failed 
to infect calves allowed to graze pasture 7 days after spreading with slurry
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containing 10^ S. dublin/ml»Hall et al. (1978) also failed to initiate
10infection in adult cattle with a dose of 10 5.dublin administered directly
into the rumen via a canula. However the frequent occurrence of outbreaks 
of salmonellosis among cattle (especially when kept together in the same 
pen) suggests that the development cf an infection may depend on several 
factors, the principle ones being the number of pathogens present (dose) 
and the physiological state of the animal. For instance, concurrent 
infection with the liver fluke Fasciola hepatica may lower the infectious 
dose for S. dublin- (Aitken et al. 1975), Also, Crozier and Woodward 
(1962) showed that the infective-dose of aerosols when inhaled was 1000 
times less than that required for oral infection. At the same time, the 
dose response may vary for different animal species and from serotype to 
serotype,
4. SEWAGE
Waste water exhibit quite different characteristics depending upon 
their origin. Both their amount and quality are often closely connected 
with the nature of the sources producing them, which may be broadly 
classified as urban domestic, industrial,or agricultural sources. In 
order to understand what factors influence the survival of pathogens in 
sewage it is essential to understand the chemical and biological composition 
of sewage and the changes occurring during treatment. This material is 
presented in the following paragraphs,
4.1 Composition and properties of sewage
The principal sources of domestic sewage are human and animal body 
wastes (faeces and urine) and sullage Fresh sewage is almost 99,9% 
water and is usually grey to yellow brown in colour with a musty, not 
wholly offensive odour. Its temperature is usually that of the water 
supply; common values are 8-12°C in winter and 17-20°C in summer (in 
the United Kingdom), The pH value ranges from 6,9 to 8.2. Solids are 
present in various sizes and is comprised of those in solution ("dissolved 
solids") and those in suspension (suspended solids), A portion of the 
suspended solids is settleable and consists of organic and inorganic 
materials. The inorganics include sand, grit, metals and clay as scour 
from surface runoff, especially itom combined systems. The organic 
fraction includes such coarse settle able materials as partially disin­
tegrate^' faeces, vegetable peel, paper, pieces of soap and miscellaneous 
articles and these make up about 50% of the total suspended solids.
The nonsettleable solids are most likely to occur in colloidal form 
( ^ 1 urn diameter) and will also have both mineral and organic components.
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The total mineral "dissolved solids" concentration depends largely on 
the hardness of the water supply and include chlorides, carbonates and
silicates of Na, K, Ca and Mg. Other elements reported include Fe, Al,
Mn, Cu, Zn, Pb, S, P, Cr, 3, , Cd, Mo, Ni,and Ag, though they occur at 
very low concentrations. The dissolved organics consists principally of 
proteins, carbohydrates and fats. Table 2 shoi's their average concentration 
in 24-hour composite samples of unsettled sewage. Individual compounds 
identified include:
(i) sugars: glucose, sucrose, lactose, galactose, fructose,
xylose, arabindse, starch and cellulose;
(ii) acids: acetic, formic, propionic, butyric, stearate,
palmitic,and oleic as Ca salts and as glyceryl esters;
(iii) other acids: citric,, lactic, succinic, pyruvic and benzoic;
(iv) proteins and amino acids: these form 50-80^ of the organic
N - some 18 individual acids have been identified;
(v) miscellaneous substances: urea, uric acid, hippuric acid,
creatine, indole and skatole, muramic acid (in cell walls 
of bacteria), lignins, pigments, non-ionic detergents, 
phenolSj etc.
Table Concentration of some organic constituents in unsettled sewage*
Amount (mg/l)
LtOiiOvJLwLJol J U
In solution In suspension Total
Carbohydrate 70 34 104
Fat 1 140 141
Protein and amino acid 18 42 60
Volatile fatty acid 25 12 71
Non-volatile acid 34
Organic carbon 90 210 300
BOD 500
* Adapted from Painter, H.A. (1971)
In addition domestic sewage also contain numerous organisms from 
faeces, soil and water and include viruses, bacteria, fungi, protozoa 
and some helminths. More than 50 different viruses have been identified 
in seuage (e.g. poliovirus, infectious hepatitis virus) and their 
estimated total concentration is a low as 10 g/l. The number of 
protozoa in raw sewage is relatively low but over a score of species
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have been recorded including flagellates, ciliates and amoeba. Scores 
of bacterial species have been indentified and some of the commonly found 
genera include; Bacillus, Nitrobacter, Nitrosomonas, Pseudomonas, 
Streptococcus, Micrococcus, Clostridium, Aerobacter, Alcaliqenes, 
Achromobacter, Norcadia and members of the Cnterobacteriaceae.
4,2 Essential microbiology and biochemistry
The major constituents of the organic waste in sewage are polysaccharides, 
polypeptides, fats and nucleic acids, and these are degraded to inorganic 
salts, carbon dioxide and water in any effective sei-iage treatment. Trickling 
filters, activated sludge and oxidation ponds are the three principal 
aerobic methods of treatment in operation today and while these systems 
may appear to differ from each other, so far as plant operations are 
concerned, they are dependent on the same biochemical and microbiological 
principles. The decomposition of the organic waste is mostly carried out 
by bacteria and may take place under aerobic or anaerobic conditions, 
yhsre solids must be liquified and where the wastes are highly concentrated 
as in the case of sei-iage sludge from domestic waste waters, the anaerobic 
orocess is extremely effective. However, the most efficient method for 
reducing the organic content of liquid wastes is via aerobic treatment,
4.2,1 Aerobic waste treatment processes
The organisms involved in the treatment process are able to hydrolyse 
the potential pollutants in sewage and to use the energy so liberated for 
their essential functions ~ reproduction, groi'th, locomotion etc. These 
microorganisms include bacteria, algae and protozoa. Some of the bacteria 
and a few protozoa and viruses which are incidentally present in sewage 
ere pathogenic for humans and efficient sewage treatment can achieve 
much towards effecting their destruction. Figure 2 summarizes the major 
reactions involved in the biodégradation of organic matter in sewage.
The decomposition and stabilization is brought about by a variety of 
organisms working in sequence to effect partial or complete breakdown.
Some brief examples are presented in the following paragraphs,
Polysaccharides
The aerobic decay of sB:..'age polysaccharides involves the extracellular 
conversion of large insoluble polymers to low molecular weight soluble 
fraction. At least two enzyme systems participate in the breakdown - 
the first splitting the glycosidic bonds to produce mostly disaccharides;
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Fig. 2 , The breakdown of organic matter during sewage treatment.
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Acetate/Ethanol
+ cellular material + CO,
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the second hydrolysing the dimer to monomer. Subsequent utilization of 
the monosaccharide is an intracellular event.
Lipids
The major lipid component of faeces are triglycerides (esters of higher 
fatty acids uith glycerol), acid hydrolysis of which will give a water 
soluble component (glycerol) and free fatty acids (generally water insoluble).
The glycerol resulting from triglyceride hydrolysis is metabolised much 
like a carbohydrate. The 'most prominent mechanism suggested for the 
degradation of the resulting free fatty acids is beta-oxidation, in which 
two carbon units at a time are split from the chain.
Proteins
The major source of nitrogenous materials in domestic sewage is proteins. 
Other nitrogen compounds which occur in lesser amounts include such materials 
ere urea, purines, pyrimidines, glutamine etc. Lackey and Hendrickson 
(1958) presented the following general scheme for the enzymatic breakdown 
of proteins:
Protein------- > Proteoses =---- > Peptones--------> Peptides------> Amino Acids
The proteases (exoenzymes) involved appear to be of two types ; the extra­
cellular, known as exopeptidases which attack whole protein by cleaving 
peptide bonds; and the intracellular, known as endopeptidases which cut 
amino acids off the end of proteins and polypeptides. Bacteria can 
decompose the amino acids resulting from the enzymatic breakdown of proteins 
in many ways resulting in a great variety of end products depending on 
the amino acid, the mode of attack of the species, and the environmental 
conditions.
Cellulose
As an indigestible component of man’s diet cellulose forms a significant 
proportion of human waste. The microbial decay of this substance is the 
function of at least three groups of extracellular enzymes. The first 
group of celluloses (C^) attack the cellulose fibres causing a loss in 
tensile strength and the production of hydrocellulose, Cy cellulases 
perform the subsequent depolymerization to low molecular weight disac­
charides, The third group of enzymes, the B—olucosidases, catalyse the 
hydrolysis of these to glucose. With the production of soluble glucose 
the reaction becomes intracellular and the function of a multitude of
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microorganisms.
Not all of the reactions stated above can be performed by all bacteria 
nor can any one species carry out all of the reactions. The total decay 
of lignin, for example, is a function of several groups of microorganisms - 
bacteria, fungi, actinomycetes (Higgins and Burns, 1975). Similarly, 
inorganic nitrogen and sulphur containing compounds are efficiently converted 
to their stable forms by Nitrosomonas and Nitrofaacter in the case of ammonia 
nitrogen and by several filamentous bacteria (e.g. Beqqiatoa and Thiothrix) 
and Thiobacillus species in the case of reduced sulphur compounds. Since 
all the reactions involved in the stabilization process are known to occur 
it follows that all the various bacteria necessary for the biochemical 
reactions to take place under aerobic.conditions are present in sewage.
The establishment of these processes must be the result of the selection 
of only those types of bacteria that find the particular environment 
conducive to their growth. This acclimatization or adaption to become 
the dominant forms will depend upon their interrelations with other organisms 
in the same environment. The process Is more adequately described in 
the following sections,
4,2,2 Microbial ecology of aerobic biological treatment
The composition of aerobic biological solids (zoogleal film in trickling 
filters and organic floes in activated sludge) is significantly different 
from that of settled waste waters and tertiary effluents, Hankin and Sands
(1974) noted generalised increases in the numbers of active microorganisms 
from the early stages of treatment to the mixed liquor phase in the activated 
sludge process. Bacteria, fungi, protozoa and the smaller metazoa such 
as rotifers and nematode worms are commonly found in activated sludges, 
though all may not be present in any one sludge. Algae rarely become 
established because of their need for light,
(1) Bacteria
Dohnson (1914) was probably the first to report on the microorganisms 
in activated sludge and stated that "zooglea, assisted by other minute 
organisms chiefly of animal origin (protozoa) may be responsible for the 
rapid purification thus effected". Bacteria entering the activated sludge 
plant with the sewage arise from two main sources, firstly the intestinal 
bacteria'introduced with the faeces and sullage, and secondly those present 
in the surface water run-off which passes into the sewers. Since many of 
the intestinal bacteria were found to be proteolytic a number of earlier workers
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concluded that these groups of organisms played an important part in sewage 
treatment. However, Allen (1944) homogenised and isolated bacteria from 
within the sludge floes after separating them from the smaller number 
of bacteria in the liquid and found that the intestinal bacteria were 
present in negligible numbers. He concluded .that because of their temp­
erature relations and general characters and also the fact that the majority 
of bacteria from lakes and streams were Gram negative rods as opposed to 
the dominant Gram positive types in the soil, the bacteria which predominate 
in activated sludge are largely derived from water and that intestinal 
forms are unimportant. It is difficult to generalise on the dominant 
bacteria in activated sludge because of the different reported lists of 
species, however the majority of the genera which have been described are 
of Gram negative bacteria and include.pseudomonas. Chromobacterium, 
Flavobacterium, Acinetobacter, Nitrosomonas and Sphaerotilus, with smaller 
numbers of coliforms and Bacillus spp. Apart from these organisms some 
zoogleal bacteria were isolated which produced floes similar to activated 
sludge and were capable of removing soluble organic matter in sewage.
This organism was identified as Zooglea ramiqera and was considered to be 
of importance in sewage treatment. However, later work (McKinney 1957) 
suggested that all bacteria, under certain conditions, have this ability 
to flocculate, this being determined by their relative surface charges and 
the iso-electric point relevant to the ionic strength and pH of the liquid. 
Although there seems to be general agreement that flocculation is explicable 
by the principles of colloid science the evidence given suggests that the 
actual flocculation mechanisms is still incompletely understood (vide Pike 
and Curds, 1971),
In the activated sludge system only the three phases of microbial 
growth (1) exponential, (2) steady state and (3) phase of decline are 
relevant. When oxygen is not limiting, these phases depend on the sludge 
loading; high load (0,8 - 3,0 kg BOO/kg mixed liquor suspended solids 
(RLSS) d"” ' ) will bring the biomass to exponential growth; stationary phase 
is characteristic for low loading ( «^0,3 kg BOO/kg MLS5 d )^, whereas 
the decline phase indicates sludge stabilization. It is reasonable to 
suppose that in a satisfactorily operated plant a proportion of the 
bacteria may be non-viable since the orocess is typically poised at the 
stationary or decline phases of growth under low nutrient conditions,
Bones (1974) observed that laboratory cultures developed in continuous flow 
systems at the low concentration of nutrients typically present in waste 
waters had small growth rates and a low percentage of viable cells. He 
suggested that the presence of non-viable but active bacteria (i.e. those 
with unimpaired enzyme systems) could account for the discrepancy between
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the observed metabolic activity of a sludge and the lower value predicted 
from the numbers of bacteria shown to be present. This was later confirmed 
by Walker and Davis (1977),
In as much as the stabilization of organic matter during sewage treat­
ment is chiefly dependent upon bacterial enzymes, the rates of these 
reactions and hence their phases of growth are influencée to a great extent 
by temperature. It was shown (Du Preez and Toerien, 1978) that the growth 
rate of Acinetobacter calcoaceticus in trypticase soy broth increased with 
increasing temperature up î:o 35°C, but below 23,5°C the activation energy 
required for growth was 2,4 times greater than above this temperature, Pirt
(1975) proposed that such changes in activation energy during growth indicate 
differences in the rate-controlling- reactions or in the metabolic regulation 
of cells, exemplified by the failure of B-galactosidase repression in E.coli 
below 25°C (Ng et al, 1962), The general Arrhenius law of the doubling 
of the rate of chemical reactions with every 10°C increase in temperature 
applied as well to bacteria within their temperature range of growth which 
can be grouped as follows: (1) Psychrophiles, with a temperature optimum 
below 20°C, (2) Mesophiles, which have an optimum between 20° and 45°C, 
and (3) Thermophiles, whose optimum temperature is above 45°C, Most of the 
bacteria in sewage fall into the first two groups.
Using a model developed to simulate the effect of temperature control 
on the performance of a completely mixed activated sludge system, Collins 
et al, (1978) demonstrated that the effluent quality (as judged by BOD 
values) was significantly improved for any increase in temperature from 10° 
to 30°C, This was substantiated by the analysis of 20 years of data from 
an activated sludge plant which showed that the per cent, removal of BOD 
of the sewage rose from 85% at 12°C to 91% at 23°C (Keefer, 1962), As 
stated earlier, one reason for the higher percentage removals at the higher 
temperature is that the metabolism of the bacteria and other organisms 
responsible for the oxidation of the organic matter was stimulated by the 
higher temperature. Another reason is that the final setting tanks operated 
more efficiently and a higher percentage of suspended solids was removed 
due to the lower viscosity of the sewage at higher temperatures.
Most of the bacteria end other organisms in the aerobic biological solids 
grow well within a range of pH values varying from 6.0 to 9,0, Since the 
pH value of domestic sewaoe rarely exceed these limits, its treatment does 
not offer any problems wiib pH control.
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(2) Protozoa
Bohnson (1914) was again, probably the first to report their presence 
in sewage treatment. Samples from both the trickling filter and activated 
sludge contain numerous species of protozoa which can be grouped into four 
classes; they are, in order of frequency, the Ciliatae (ciliated protozoa), 
the Rhizopodas (amoeba), the Phytomastigophorea (flagellated protozoa) and 
the Actinopodea (Table 3), Curds and Cockburn (1970) examined the protozoan 
populations of 52 full scale trickling filters and 55 activated sludge plants 
and concluded that the protozoan* fauna of trickling filters closely resembles 
that of activated sludge but certain species are more typically found in 
either one or the other of the processes. Of prime interest is their 
observation that there were always- greater.numbers of ciliated protozoa 
than of other types in both samples. Some of these ciliates are sessile 
but a great many of them are mobile and crawl over the surface of the sludge 
floes. They noticed that plants which produced highly clarified, good 
quality effluents usually contained a large variety of ciliate species 
whereas plants which were devoid of protozoa produced the worst quality 
effluents as judged by the BOD and suspended solids content. Thus it 
appears that the presence of ciliated protozoa largely determines the 
quality of the final effluent produced after biological treatment. This 
may be explained, in part, by the ability of the ciliates to csu.se or 
enhance some of the flocculation during the treatment process.
The subclass Peritrichida is by far the most important protozoan subclass 
in these aerobic treatment processes because they are found most frequently 
and in the largest numbers. It was shown that these peritrich ciliates are 
chiefly responsible for the removal of bacteria from the liquid effluents 
simply by their feeding activities (Curds and Fey, 1959), Some examples of 
the Peritrichida which are most commonly found in activated sludge are's 
Carchesiurn polypinum, Vorticella aequilata, V. alba, V, campanula,
V, convallaria, V. elonoata, V, microstoma, V, fromenteli, V, nebulifera, 
Epistylis sp., Opercularia sp., and Vaqinicola striata. Fig, 3 illustrates 
some of the more important species found in activated sludge,
(3) Algae, fungi and metazoa
Although they are introduced into activated sludge with the sewage, 
algae rarely become established because of their need for light. However 
they are a common occurrence on the surface of trickling filter beds in 
close association with some unicellular diatoms, mosses and liverworts. 
Because their growths are restricted to the surfaces of the beds they are
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Fig. 3. The most commonly found protozoa in activated sludge,
(a) Aspidisca costat-a (dorsal view), (b) A. costata (lateral view 
to show crawling habit), (c) Vorticella convallaria, (d) V, convallaria 
attached to sludge floe, (e) Vorticella microstoma, (f) Trachelophyllum 
pusillum, (g) Opercularia coarctata, (h) Vorticella alba, (i) Carchesiurn 
polyoinum, (j) Euplotes moebiusi, (k) Vorticella fromenteli.
Adjacent scales represent 10 urn, (Adapted from Pike and Curds, 1971)
not of primary importance in the sewage purification process but are 
ecologically important in that they may cause choking of the bed. The 
following are the more commonly occurring forms; Phormidium, Ulothrix, 
Stigeoclonium and Monostroma,
Fungi are relatively rare in activated sludge and are dominant only 
under certain abnormal conditions, for example during sludge bulking 
caused by Geotrichum sp, (Schofield, 1971), The following are some species 
which have been isolated from activated sludge; Geotrichum, Trichosporon 
and Pénicillium. These and numerous other fungal species have also been 
isolated from the trickling filters. As saprophytes these fungal growths 
are in direct competition with the heterotrophic bacteria for nutrients in 
the sewaoe.
Of the higher life forms rotifers, nematodes, annelids and fly larvae 
are found in both processes and they are especially abundant in the 
trickling filters.
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4,2.3 Ecological Interrelationships.
(1) Activated sludge
Figure 4 (a) shows the main interrelationships occurring in the sludge 
community between the different trophic levels. The basic food material 
consists of particulate and soluble organic matter as well as dissolved 
minerals in the settled sewage. Heterotrophic bacteria (i.e. those 
bacteria that use organic compounds as their primary source of energy) 
saprophytic fungi, (those^fungi which obtain their nutrients in the form 
of soluble organic compounds) and saprobic protozoa (those that utilise 
organic matter in the form of dead or decayed matter) are the primary 
feeders and hence form the primary agents for sewage purification,
Autotrophic bacteria (i.e. those bacteria that obtain their energy either 
from light (photosynthetic) or by inorganic chemical reactions) completes 
the purification process. Thus many bacteria, fungi, and saprobic protozoa 
are in direct competition for this basic food supply.
The protozoa in activated sludge may be holozoic (i.e. obtains their
organic matter by preying on other living organisms) and/or saprozoic 
(those which ingest particulate decaying matter). Of the classes of 
protozoa present in activated sludge, the rhizopods engulf food partie Jes 
within their pseudopodia but since soluble nutrients can also be absorbed 
they must be considered as both holozoic and saprophytic. The ciliates in 
activated sludge are mostly holozoic species although some are capable of 
saprozoic nutrition. The holozoic forms are predatory on the saprobic 
forms and are therefore in higher trophic levels. For example, the suctorian 
species Acineta foetida was observed to ingest telotrochs of the peritrich 
Carchesiurn polypinum and V. convallaria (quoted by Curds and Cockburn, 1970). 
Curds and Vandyke (1955) demonstrated that ciliated protozoa preyed on 
bacteria but showed a preference for different bacterial species when these 
were presented as food source. Similarly, Lloyd (1973) showed that Vorticella 
spp. were an essential component for the removal of bacteria in slow sand 
filters. The population of the predator species is determined by the numbers 
of prey ; an increase in density of the prey is followed by an increase in 
the predator population which results in a decrease in the prey and in turn
a decrease in predator? thus fluctuating populations occur.
In summary, the organisms in activated sludge exist at different trophic 
levels in each of which competition for common food exists and between which 
there are a series of predator-prey relationships. Superimposed on these 
biotic factors are the physical and chemical factors of the environment
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Pig. 4. Schematic diagram of the main food-links in the purificationof organic wastes by activated sludge (a) and by trickling filters (b).
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such as temperature, pH, BOD and sludge wastage rate. These factors 
operate on the balanced community; their effects are not readily measurable 
in terms of their isolated effects on the individual numbers of the community 
as determined in pure culture work,
(2) Trickling filter process
The activities and interrelationships of the different members of the 
biological film are similar to those outlined for activated sludge although 
modified to the extent that stratification is possible in the filter-bed 
(Fig. 4b). There is less opportunity for this in activated sludge since 
the organisms move with the water. Furthermore the environment of the 
aeration tank is thoroughly aquatic sp many of the higher forms of life 
such as insects associated with filters do not occur.
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5. TREATMENT OF SEWAGE
There are many alternative methods of excreta collection and treatment 
which were used prior to the advent of sewerage and others that are 
successfully used in developing countries today. The specific processes 
used are often geared to suit the local climatic, economic and social 
conditions. For example, in areas where piped water supplies are not 
available, the water carriage systems are impracticable. Hence "dry" 
systems are used among which may be distinguished (1) the pit latrines,
(2) composting toilets and (3) cartage systems. The technical aspects 
of each of these systems is splendidly described by Rybczynski et al, 
(1978) and it will suffice hence to state that the health dimensions 
associated with each of the systems mentioned above will depend on its 
proper usage and maintainence. For instance poorly constructed or 
inadequately maintained pit latrines not only cause odor problems but 
usually become breeding sites for insects which may carry pathogens when 
they leave and can thus promote disease transmission. Also in areas 
where pit latrines are widely used there is a real hazard of groundwater 
pollution. In composting toilets, odour and insect breeding problems 
can be minimized by careful design and construction but the risk of 
pathogens occurring in the resulting compost is -great if the retention 
time in the vault is short (<3 months). The health problems associated 
with the cartage systems (e.g. bucket latrine) are similar to those for 
the pit latrines and influenced by the manner in which nightsoil is 
deposited, collected, transported, treated and reused.
In the larger cities and among the more affluent communities water­
borne sewerage schemes are practicable and socially more acceptable.
These "wet" systems collect and treat excreta diluted by water. They 
include the conventional sewerage and sewage treatment processes and some 
on—site methods such as septic tanks and aqua privies.
The septic tank and aqua privies operate on similar principles. They 
comprise a sealed settling chamber in which solids accumulate and an 
effluent flows out, normally to a soakaway. The liquid retention times 
vary with the amount of flushing water or sullage flowing into the system 
but retention times in the order of 1—3 days for septic tanks and 60 days 
for the aqua privies are common. In properly planned systems which have 
baffles and compartments designed to prevent hydraulic short-circuiting
and to create quiescent conditions, good pathogen removal can be achieved 
by the settlement of ova or cysts and sludge solids with bacteria adsorbed 
onto them. Those pathogens which do not settle will remain in the liquid 
layer and eventually pass out in the effluent. Thus the degree to which
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their concentration decreases will depend to a large extent on the liquid 
retention time and on the frequency of desludging since a build up of 
sludge layer will decrease retention time* Quite often, good design features 
and good pathogen removal abilities have been largely negated by a failure 
to desludge at the correct regular intervals.
Through the settling process significant numbers of pathogenic bacteria, 
viruses, cysts and ova will be deposited in the fresh sludge. During 
desludging it is inevitable that some sludge will be fresh and therefore 
hazardous. If it is to be used> (as fertilizer or soil conditioner) the 
sludge should be treated by composting or thermophilic digestion in order 
to eliminate pathogens.
Conventional sewage treatment processes
The conventional sewage treatment processes consists of a combination 
of physical and biological systems and is most commonly used in temperate 
climates. Since this study concerns the removal of salmonellas in both, 
the trickling filter and activated sludge processes, these will be outlined 
in detail in the following paragraphs.
Figure 5 shows a flow diagram of conventional sewage treatment. The 
complete process may be divided into four steps viz, (a) Preliminary 
treatment, (b) primary treatment, (c) Secondary (biological) treatment 
and (d) Sludge treatment. To these might be added tertiary treatment 
which would include sand filters, lagooning and disinfection (e.g. chlor­
ination). The extent to which treatment is carried out depends on the 
purpose for reuse of the treated f; effluent; if it is to be used in 
industrial processes (e.g. water for industrial cooling towers or as 
boiler feedwater) then advanced treatment is required to remove suspended 
solids, hardness agents, dissolved organics and algal nutrients.
Agricultural reuse might not require such stringent demands on the effluent 
quality. However, there are few instances where the secondary stage is 
not justified,
5,1 Preliminary treatment
Almost all water supplied from the public mains for domestic purposes 
is discharged into the sewer system together with materials such as rags, 
kitchen-Ksink garbage, pieces of wood, refuse and grit. In turn the sewer 
system conveys the waste water to the treatment plant. The large solid 
objects in the waste water may interfere with the treatment processes 
(e, g, blockage of pipes) and may damage equipment used in the 
1^ H P ^^  of treatment ( e. g. pumps). The primary purpose
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of preliminary treatment is to remove such materials and protect subsequent 
treatment units from stoppage and to prevent excessive wear. This 
preliminary treatment consists of screening and grit removal,
5.1.1 Screening
Coarse solids in the waste water are removed by a series of mild steel 
bars spaced 2—4 cm apart and placed across the flow. All materials of 
size exceeding that of the free bar openings are held by the screen and 
thus removed from the sewage. The velocity of the waste water flowing 
through the screens should be betwen 0.3 - 1,0 m/s in order to prevent 
the deposition of grit and dislodgment of solids already trapped.
In small plants the screens are cleaned manually and in order to 
facilitate this they are placed at an angle of 45°-60° from the horizontal. 
In large treatment plants (with flows >  200 m /d) the volume of screenings 
may be large and mechanically raked screens are used. The screenings are 
disposed of by burial at the smaller works while at the larger works they 
are either dewatered in a hydraulic press and then incinerated or macerated 
in a disintegrator and then returned to the sewage flow below the screens,
5.1.2 Grit removal
Grit (also called detritus) in waste water consists of small coarse 
particles of sand, gravel, eggshells, charcoal, glass, pieces of métal 
and other mineral matter generally washed into the sewer system. Their 
removal is virtually mandatory for the purpose of protecting units such 
as pumps, comminuters and particularly anaerobic sludge-digestion tanks 
where the accumulation cf grit can rapidly reduce the operating capacity 
of the tanks. Grit removal can be accomplished either by (1) detritus 
tanks or (2) velocity control units.
Detritus tanks are small settling tanks of sufficiently short 
retention time to allow the grit, but not the organic solids, to settle 
out into grit traps. Similarly velocity control units consists of 
channels which is designed to maintain a constant velocity (^  0,3m/s) 
that permits the heavier grit particles to settle while allowing the 
organic matter to pass through. Velocity control is accomplished by 
several methods but a common one is to locate a standing wave flume 
immediately downstream of the grit channel.
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5,2 Sedimentation
Sedimentation is the gravitational separation of a susoension into its 
solid and liquid phases. It is one of the most important steps in sewage 
treatment and is increasingly being regarded as the absolute minimum 
treatment required for waste waters before it is discharged into inland 
waters or into estuaries where conditions with respect to dilution are 
favourable. In the primary sedimentation of sewage both, a thickening 
of the sludge and clarification .of the liquid is achieved. In this way 
about 70-80% of the settleable solids in the sewage are removed as sludge 
together with a proportion of the pathogens present in the waste water by 
virtue of the fact that they are absorbed onto the solids.
The sedimentation of sewage solids is more complex than can be indicated 
by the basic theory of sedimentation. This is not only due to the immense 
variability in size, shape and mass of the particles present but also to 
their ability to aggregate as well as to the turbulence of the carrying 
liquid. Nevertheless, the basic theory provides a fairly satisfactory 
rule—of—thumb guide for the design of sedimentation tanks,
5,2.1 Theory of sedimentation
The basic theory of sedimentation assumes the presence of discrete 
spherical particles settling in fluid of lesser density. When such a 
particle is released it will accelerate until a limiting terminal 
velocity is reached. Initially, the velocity is zero so that at release 
the full gravitational force acts alone, but as the velocity increases 
the drag force opposing settlement will become larger until a stage is 
reached where the two forces balance. Settlement will then continue with 
a uniform velocity.
The terminal settling velocity can be obtained by equating the 
expressions for the gravitational and drag forces:
gravitational force = frictional drag force 
i.e. Ug(e^-e) = ^
2
therefore
C^ea (2)
3where V = volume of particle (m )
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2g = acceleration due to gravity (m /s)3e = density of particule, (kg/m )® 3e = density of liquid (kg/m )
- Newton’s drag coefficient which will depend on the viscosity 
of the fluid, the shape and roughness of the particle and the 
flou pattern around it. 7a = the projected area of the particle (m**)
Vg = settling velocity of particle (m/s)
is not constant but varies with Reynolds Number (R) which is expressed 
as R = V d
(3)
u
where d = diameter of particle (m)
u = viscosity of fluid (N^/m^)
For spheres in laminar flow, ^  (4)
R
By further analysis of equations (2) (3) and (4), the expression is 
reduced to
Vg = Qd^(e^-e)
(5) which is
18 u
Stokes law. It is strictly valid only if values of R 0.5. For larger 
values of R, an empirical relationship for Cg had been found:
Cn = 24 + 3 + 0,34
° —  R
Although the above law applies only to spherical particles and there 
are some further complications at high concentrations, it appears to be 
adequate for practical purposes for the sedimentation of non-flocculent 
material, When dealing with flocculent suspensions it is not possible 
to apply the above theory because the agglomeration of floe particles 
results in increased settling velocity with depth due to the formation of 
larger and heavier particles.
In a continuous flow sedimentation tank, a particle can be assumed 
to be retained in the sludge if its settling velocity is high enough to 
permit it to settle through the full tank depth within one retention 
period,,^ Under this condition, the settling velocity is:
U = D (6)
= t
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where D = tank depth (m)
t = mean hydraulic retention time (s)
The retention time in a continuous flow tank is given by
t = (7)
Q
3u'here AD = tank volume (m ) 2A = tank surface area (m )
—  ^ 2 Q = flow through^tank (m /s)
From equations (5) and (7),
Us = Q - - - (B)A
The ratio _Q is termed the overflow rate (also called surface loading) (m/s). 
It follows from equation (8) that for discrete particles solids removal 
is not dependent on the depth of the tank providing that depth is adequate. 
However, for flocculent particles depth does affect solids removal since 
the deeper the tank, the more likely it is that agglomeration will occur 
and thus more solids will be removed. Accordingly, for a tank of fixed 
depth, detention time is an important factor although the overflow rate 
is not wholly irrelevant. Time is important independently of surface 
loading because decrease in non-settling solids needs time to occur but 
the actual removal is by settlement and therefore surface loading must 
not be too high. As a result, some designers have therefore used detention 
period as the primary criterion and others have used surface loading rates 
for the design of sedimentation tanks. Quite often, which ever is used 
primarily the other is normally kept to an accepted value. There is 
some evidence however to suggest that the influence of detention period 
seems to be appreciably greater than that of surface loading (White and 
Alios, 1976),
5,2,2 Forms of sedimentation tank
Sedimentation may be accomplished in several different forms of tanks 
including rectangular, circular (centre or pheripheral feed) and upward 
flow tanks. There is no conclusive evidence that one form is markedly 
superior in performance to another. More often the precise choice is 
influenced by constructional costs and may be related to the configuration 
of the site and the size of the plant. The main types of sedimentation 
tank found in practice are shown in Fig, 6,
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Rectangular tanks (Fig. 5a)
The length to width ratios vary from 2:1 to 7:1 but a common figure 
is 2,5:1, The depths vary from 2 to 5 m (usually 3 to 3,5 m), Raw 
sewage influent enters the inlet pipe and flows underneath a baffle 
(placed 0,6 to 1.0 m from the tank wall and extending down about 0,5 
to 1.0 m below the water surface) designed to diffuse the incoming flow 
and avoid jets of high velocity flow as well as excessive streaming of 
the feed towards the tank outlet,
A large proportion of the suspended solids settles near the inlet 
end of the tank. The deposited sludge is ploughed to a hopper situated at 
the inlet end by an endless chain drag which carries, at intervals, wood 
flights that span the tank width. The sludge is withdrawn under the head 
of water in the tank by opening a valve in the sludge pipe.
The outlet consists of an overflow weir across the width of the tank 
and a scum-trough (dip-plate) is provided to prevent scum from flowing 
over the weir.
Circular (centre-feed) tanks (Fig, 6b)
The diameter of the tanks range from 3,5 to 50 m and depths are about 
the same as for rectangular tanks. The feed pipe passes under the tank 
floor and rises vertically at the centre, terminating in a cylindrical 
baffle to prevent the flow from streaming across the surface. Flow leaves 
the tank over a pheripheral weir protected by a dip -plate.
The floor of the tanks are gently sloped (2,5°-7,5°) so that the 
settled solids are easily swept into the central sludge pocket. This is 
achieved by means of a spiral scraper supported from a rotating radial 
bridge. Sludge is drawn off under the pressure of the tank contents by 
opening a valve in the sludge well.
Peripheral-feed circular tanks (Fig, 6c)
In this system the flow enters the tank at a point in the circumference 
and then infiltrates into the pheripheral feed channel. The liquor then flows 
through orifices in the floor of the channel into an annular space between 
the tank'-wall and a cylindrical baffle. The flow than passes radially 
inwards and upwards and the clarified liquid overflows into a i-'eir on the 
inner side of the pheripheral feed channel.
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The sludge scraper and collector consists of a tube of tapering 
rectangular cross-section with the bottom part of the rectangle protruding 
at an angle to the floor to form a scraper. As the tube travels over 
the floor, sludge rides up the scraper blade and passes through orifices 
in the tubs.
Upwards flow tanks (Fig. 5d)
Flow enters through the feed pipe which terminates in an upward- 
facing bell-mouth, A square or Cylindrical baffle prevents flow from 
passing over the weir. Emerging from beneath the baffle, the flow passes 
upwards in the zone between the baffle and the walls, leaving the tank 
over a weir around the tank.
Sludge is drawn off under the pressure of the tank contents.
The primary sedimentation tanks for sewage treatment are now most 
commonly centre-feed radial flow tanks (6 b). They are mostly circular 
in plan and relatively cheaper to construct than the upward flow tanks.
Their sludge removal equipment is simple to operate and maintain. In 
contrast the sludge removal units in the rectangular tanks are more 
costly to maintain; a break in a single link or sproket makes it necessary 
for the entire unit to be taken out of service. The circular centre-feed 
tanks are also suitable as humus tanks and activated sludge settling tanks, 
and in the latter, it is imperative that the sludge is continuously removed 
and returned to the aeration tanks.
In all of these processes, the factors which affect the efficiency of 
sedimentation, apart from detention or overflow rates, are good inlet 
and outlet designs to minimize turbulence and adequate provisions for 
sludge and scum removal with minimum disturbance of the tank contents. 
Another criterion of interest is the solids concentration in the raw sewage, 
The amount of solids removed during sedimentation increases with their 
concentration in the influent but this is complicated by variations in the 
solids load as well as to variations in the flow rate. Hence these factors 
cannot be considered in isolation and only a thorough-going statistical 
analysis may offer a solution,
5,3, Biological treatment
The greatest reduction in BOD is achieved during biological treatment.
It essentially consists of inducing the close contact between settled sewage 
and microorganisms in the presence of oxygen. This may be accomplished in
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several ways but the ones in greatest use at present are the activated 
sludge process and trickling filters,
5,3.1, Trickling filter process
The trickling filter is also known as the percolating or biological
filter. It is structured and operated in such a way as to promote the 
conditions which enable a rapid biological transformation of the complex 
organic matter present in^  the sewage viz - a support for both sprouting 
and development of aerobic microorganisms, a continuous supply of organic 
matter and waste (sewage), and an aerobic environment.
To that purpose the trickling filter consists of a broken rock or slag 
layer (filter bed) 1 to 2 metres high placed within a generally cylindrical 
perimetric wall. The sewage (previously clarified in the primary sediment­
ation tank) is sprayed over the filter by various fixed or mobile distribution 
systems (more frequently mobile). The sewage percolates through the filter 
and flows along the surface of each element; the space among the various 
crushed-stone elements is never submerged to allow the presence of air and 
hence free oxygen. After passing through the filter medium, the effluent
is collected at its base and flows out of the filter through a system of
drainage canals. In this way microorganisms attach and develop on the 
surface of the filter medium and form a biological film consisting of 
bacteria, fungi, protozoa and algae (see part 4,2,2), As described earlier 
(part 4,2,3) the microorganisms feed on the organic matter in sewage and 
they in turn are consumed by other macroorganisms, forming a complex food 
chain.
The thickness of the biological film coating varies seasonally, tending 
to be greater in winter than in summer (Hawkes, H,A, 1960), The weight of 
the film coupled with the hydraulic action of the sewage flow causes surplus 
film to slough off periodically and to appear in the effluent. They are 
known as humus. Therefore a final sedimentation tank (often called "humus" 
tanks) is placed after the trickling filter where the humus solids are 
deposited from the final effluent. From the construction standpoint the 
final sedimentation tanks are quite similar to those described for clarif­
ication of raw sewaoe.
Thrpugh experience it has been shown that if a final effluent of BOD^ 
<20 mg/l and suspended solids concentration <  30 mg/l is required, the
maximum loading that can be safely applied to a single-pass filter is 0,1 kg
3 3 330Dc-/m d at a hydraulic loading of 0,12 - 0,6 m /m d (Tebbutt, 1977),
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Higher organic and hydraulic loads will promote heavy film growths and 
increase hydraulic stripping of the film. The main advantages offered 
by the trickling filters are : their operation is extremely simple; 
their energy consumption (except recirculation systems) is very low, and 
their maintenance requirements is limited. Hence they are convenient for 
use in small plants where specialised personnel are not available,
5.3.2 Activated sludge process
This process is the conventional alternative to the trickling filters.
The difference between the two systems is that while in the trickling 
filters the biologically active sludge forms a film on the surface of the 
filter media, in the activated’sludge-system they form as free suspended 
flakes in the sewage. Oxygen supply in the sewage containing biologically de­
gradable organic substances causes, in the presence of microorganisms, the 
development of settleable biological flakes consisting of bacterial 
populations, fungi, protozoa, rotifers and sometimes nematodes. Bacteria 
are mainly responsible for decomposition and consequently for the stabiliz­
ation of the organic substances and for flake formation. The complex 
interrelationships and food-web of the system has already been described 
earlier (part 4,2,3),
The oxygen required by the microorganisms is continuously supplied by 
artificially aerating the mixed liquor (sewage plus sludge solids)in 
aeration tanks. This can be accomplished either by mechanical agitation 
(e,g, simplex aerators) or by diffused aeration. The aeration process also 
keeps the sludge floes in suspension. In general, sufficient air must 
be transferred to the mixed liquor to maintain a dissolved oxygen concentration 
of 1—2 mg/l. After 6 - 1 2  hours aeration, the mixed liquor flows into a 
secondary sedimentation tank where the activated sludge flakes are separated 
from the liquid phase. Since the sludge collected in the secondary sediment­
ation tanks is biologically active, it is recycled into the aeration tank 
(return sludge). In this way it may act on the newly arrived sewage,
Uhen the sludge concentration in the aeration tank rises above 5000 mg/l 
then the excess is removed as surplus sludge.
5.3.3 Stabilization ponds
Effpctive treatment can be achieved by the simple storage of sewage in 
relatively shallow open ponds for periods ranging from a few days to a few 
weeks depending on climate and the degree of treatment desired (oloyna, 1971),
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Depending on their depth, ponds may be aerobic (0,5 - 1 m  deep), 
facultative (l - 2 m deep) or anaerobic ( >  2m deep). Facultative ponds 
(Fig. 7) are the most common and are capable of producing reasonable 
quality effluents. At depths to which sunlight can penetrate, stabil­
isation is through the agency of aerobic bacteria and an important factor 
is the development of algae, Photoeynthetic oxygen produced by algae 
during the day is used by aerobic bacteria feeding on nutrients in the 
sewage. In turn the bacteria produce carbon dioxide and other essential 
compounds needed by the algae. Thus symbiosis occurs between the bacteria 
and algae in the pond. At depths below the surface of more than 1 m, there 
is insufficient light for photosynthesis, and anaerobic processes occur. 
Sewage solids settle to the bottom where intense anaerobic digestion of 
the sludge solids occur especially-in-tropical climates where the water 
temperature is normally greater than 15°C, The soluble products of 
fermentation diffuse into the bulk of the liquid of the pond where they 
are oxidised further.
Frequently the effluent from facultative ponds are discharged into 
maturation ponds. These ponds have retention times of 5 - 10 days and 
depths of 1 - 1-j m. Recent data (Mara and Silva, 1979) indicate that they 
are extremely efficient in removing pathogens. As a result of the long 
retention tines, faecal bacteria and viruses plus the cysts and ova of 
intestinal parasites settle to the bottom of the ponds where they eventually 
die, Uell—designed pond systems incorporating facultative and maturation 
cells and having a minimum total retention time of 20 days can produce high 
quality effluents (low BOD and suspended solids) which may be completely 
free of pathogenic organisms. This is achieved at much lower costs than 
any other forms of treatment and require the minimum of maintenance by 
unskilled operators. In addition they are well able to withstand both 
organic and hydraulic shock loads and the algae produced in the pond 
are a potential source of protein food which can be conveniently exploited 
by fish farming. Hence, in the hot tropical climates, ponds should always 
be considered the first method of choice for sewage treatment, especially 
in the developing countries where land costs ere relatively cheap,
5,4 Anaerobic digestion of sewage sludge.
The conventional sewage treatment processes described above yield 
sludgesy- fresh sludge from primary sedimentation and biological sludge 
from final sedimentation (humus sludge and excess activated sludge).
Apart from being putrescible,such organic sludges are extremely hazardous 
because of their high pathogen content. Therefore they must be treated
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prior to use or disposal in order to eliminate or reduce the pathogen 
content to very low concentrations and also to reduce the bulk of the 
sludge to a volume which can be more easily handled, A common method of sludge 
treatment employed in the United Kingdom is by anaerobic digestion. Since 
a part of this study is concerned with this process, the principles involved 
will be briefly described below,
5.4,1 General scheme of anaerobic digestion
The anaerobic treatment process consists of a mixed biological system 
in which complex organic materials such as carbohydrates, lipids and 
proteins are utilised by microorganisms in their normal metabolic activities. 
The end products of the process are generally methane, carbon dioxide, new 
cell material and an innert or non-degradable fraction of organic material.
The biochemical processes involved in the conversion of the complex wastes 
to methane can be divided into three steps: (1) hydrolysis, i.e. the 
enzymatic breakdown of large complex organic molecules into smaller molecules 
which can be taken into the cell and utilised; (2) acid fermentation, or 
the intracellular conversion of simple organic molecules into a variety of 
organic acids; and (3) methane fermentation, or the conversion of long-and 
short-chain organic acids to methane and carbon dioxide by a group of
substrate specific, strictly anaerobic organisms.
3eris (1962) reported that acetic acid was the most predominant acid 
end product in the acid fermentation of carbohydrates, proteins and long- 
chain fatty acids. He further indicated that propionic acid was also an
important end product and that butyric acid along with other volatile acids
were minor end products in the acid fermentation of the materials mentioned.
The methane producing organisms are strictly anaerobic and exhibit a 
high degree of substrate specificity. Thus several species may be involved 
in the fermentation of even simple organic acids. It was concluded from 
the work of Barker (1956) that the two principal mechanisms of methane 
formation are acetic acid cleavage and carbon dioxide reduction viz:
CHgCOOH >CH^ + COg
CO^ + 8 H - —
Deris a,rid McCarty (1962) concluded that acetic acid is the most important 
precursor of methane in the decomposition of lipids, carbohydrates and 
proteins, accounting for about 70^ of the methane formed. This has been 
verified in the methanogenesis of sewage sludge by Smith (1966),
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5,4,2 Some important parameters in anaerobic digestion
(1) Retention time
It is defined as the average time in which a particle (organic matter) 
remains in the digester before being discharged. Retention times can 
vary from 1 - 4  weeks and may be related to the organic loading rate, 
temperature, and degree of mixing and these factors should always be 
considered together. A common retention period employed in sludge 
treatment in the U.K. is 2D - 60:days (punican and Newell, 1977).
(2) Temperature
Temperature is one of the most important factors in anaerobic digestion 
(Diaz et al. 1974). Fair and Moore (1934) reported that two optimal 
temperature ranges exist. One of these is in the mesophilic range of 
35 - 3B°C and the other in the thermophilic range of 49 - 55°C (Fig. 8). 
Cold digestion at 7—  16°C is a relatively slow process.
Fig,
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In general a temperature change of sufficient time duration to achieve 
an approximate steady-state in digestion conditions results in the 
selection of a new population of organisms adapted to the new situation.
Compared with mesophilic digestion the provision of extra heat for the 
themophilic process is normally considered to be uneconomic. The mesophilic 
process is therefore the one which is usually adopted. However, from 
the point of view of pathogen destruction, the thermophilic process is 
undoubtedly very much more efficient.
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(3) £H
Methane organisms function best when the pH velue is about 7 (Halderson, 
1972) with limits between 6,6 - 7,6, If the pH of the digester drops beloui 
6,0 the activity of the methane bacteria would be inhibited and at a pH 
range of 5.0 or less this activity would cease completely as a result of 
methane bacteria sensitivity to acid concentration,
(4) Mixing
It is recognised and generally accepted that agitation during anaerobic 
digestion has some positive effects on performance of the digester (Okun 
and Ponghis, 1975). Mixing the digester contents will help to establish 
a uniform distribution of bacteria and raw materials. It also helps 
maintain a uniform temperature throughout the tank, seeds incoming sludge 
rapidly and breaks up the scum layer usually formed at the top of digesters.
Efficient mixing- will eliminate dead spaces in the tank and thus increase 
its effective size. Mixing can be accomplished, in order of increasing 
efficiency, by mechanical mixers, recirculating the digester gas,or 
recirculating the contents of the tank by means of an external pump. Fig 9 
shows a diagram of a typical digester used in sewage treatment and different 
mixing systems.
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Fig. 9- A typical digester used in sewage treatment (above) and different mixing systems (below).
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SECTION III : FIELD STUDY
An intensive study of Salmonella removal efficiencies in the activated 
sludge and trickling filter process of sewage treatment
The survival and transmission of pathogenic bacteria in aquatic and 
terrestial systems has been recognised as a potential public health problem. 
Selmonellas for example, have frequently been isolated from surface and 
waste waters (Cherry et al. 1972; Edel et al. 1972; Dondero et al. 1977) 
and have been implicated in several outbreaks of disease attributable to 
polluted water or indirectly through contact of the polluted water with 
food products, utensils or animals. These pathogens are introduced into the 
aquatic system from a number of sources, for example through the excrement 
of an infected population, and through drainage From agricultural land 
grazed by carrier animals or manured with their excreta. Animal wastes 
deposited on soil are flushed with t he rain and carried away to natural 
water sources.
The polluted surface waters are frequently used in its raw form 
by the rural population in many developing countries due to the lack of 
piped water supply connections (Cracey et al. 1979), In the developed 
countries also, the indirect reuse of waste water effluent is increasingly 
becoming common practice. The effluent from one community soon becomes 
the influent to the water supply system of the community immediately 
downstream. Therefore it is even more important that the effectiveness of 
domestic waste water treatment systems be understood in regard to the 
survival of pathogenic bacteria. The concentration of salmonellas for 
instance, discharged into the receiving waters will be dictated to a 
large extent by the effectiveness of the waste water treatment process. 
Treatment of water supplies therefore provides the final barrier against 
pathogens, including the salmonella group, coming into contact with the 
population through drinking water.
Pike (1972) listed reported reductions in various bacteria achieved
by different sewage treatment processes, While adequate data were presented
for E.coli, faecal streptococci and coli-aerogenes, figures for the
salmonella group of organisms were lacking, Kampelmacher and van Noorle
Dansen (1970) demonstrated a 92^ reduction in the numbers of salmonella
in a high-rate trickling filter plant. They inoculated S, utrecht into2 'the raw influent so that there were 3 x 10 organisms/lOO ml of sewage 
after dilution in the primary settling tanks. Salmonella utrecht counts 
were then determined from samples of final effluent after the appropriate
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retention times through the filter beds and secondary settling tanks. Two 
hundred and forty organisms/lOO ml of final effluent were recorded. 
Similarly, Green and Beard (1938) and McCoy (1957) obtained salmonella 
removal efficiencies of 95-99^ 0 and 84-99^ respectively through a trickling 
filter plant operating at rates from 10640-45600 m /day. Bloom et al. 
(1958) detected salmonellas in all samples taken at all stages, including 
the final effluent, of an activated sludge plant.
The objective of this section of the study is to obtain comparative 
and quantitative information regarding the fate of the native salmonella 
populations at different stages of sewage treatment and to examine the 
agencies responsible for removing these organisms in the activated sludge 
and trickling filter process of sewage treatment.
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MATERIALS AND METHODS 
Plant location and description
The study involved tuo sewage works in the county of Surrey, The 
activated sludge plant is located approximately 6 Km north west of the 
Guildford town centre and was commissioned in 1975. The Woking trickling 
filter plant, situated about 10 Km from the new town centre, was built 
in 1896 but was updated and recommissioned in 1975-76,
Both plants have centre-feed - radial flow circular tanks (Fig 6b) 
for primary and secondary sedimentation. In the activated'sludge part 
of the Guildford plant, the influent is equally distributed into 2 
primary clarifiers, and after biological treatment the mixed liquor 
suspended solids is separated from the liquid phase in 3 secondary clarifiers. 
In the Woking plant, the influent is evenly distributed into 4 primary 
sedimentation tanks and humus settlement is achieved in 6 tanks similar to 
the primary tanks. Biological treatment consists of 16 filter-beds and 
the settled sewage supernatant is sprayed over the surface of the filter 
by means of a rotary distributor which has 4 pipe arms which rotate in a 
horizontal plane as a result of the reaction of the sewage leaving the 
orifices, which are all on the same side of the pipes. Biological stabil­
ization in the activated sludge process is performed in a rectangular tank 
and the mixed-liquor is supplied with air by mechanical aerators (Simplex; 
Appendix 1),
Some practical date concerning the sedimentation and biological 
treatment units are presented in Table 4, The mean daily influent flow rate 
into the plants during the study (1977) was 13951 m /d at Guildford and312353 m /d at Woking,
Sampling sites
Sampling sites are marked (s) in Fig 10. All samples were collected 
at staggered time intervals to allow for the hydraulic retention of the 
sewage through each stage of treatment. Also the sampling sites were 
selected to yield samples that were representative of the sewage to be 
examined; in order to obtain well mixed samples, they were obtained directly 
at or immediately after some point of turbulence along the flow. Thus the 
samples of raw sewage influent were collected at a point just beyond the 
screens and the samples of effluent from the primary settling tanks were 
collected from a common drain which fed material to the aeration tanks/
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(a) Guildford Treatment works (Activated Sludge).
(b) ¥oking Treatment Works (Trickling Filter)
Fig. 10 Schematic diagram of sewage works in the study.
S, sampling point; 1, screens; 2, grit removal;
3, primary settling tanks; 4, aeration tanks; 5 secondary 
settling tanks; 6, stormwater tanks; 7, sludge consolidation 
tanks; 8 sludge presshouse; 9, trickling filter beds;
10, anaerobic digesters and 11, methane gas tanks.
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trickling filters. The samples of final effluent were collected at a site 
where the effluent from the 3 final secondary clarifiers joined. Similarly 
filter-bed effluent samples (woking Plant) were obtained from a common 
drain pest the filters and before the humus settlement tanks. The
temperature of each sample was measured in situ. All samples were collected
in sterile screw-capped brown glass bottles (2,51) and examined in the 
laboratory within 20-30 minutes of collection.
Sampling method
All samples were obtained by means of a round—bottomed stainless steel 
jug using the 'bucket* principle. The sampler, of 500 ml Capacity and 
connected t'o a light stainless steel chain, was lowered into the centre of 
the raw sewage, or effluent flow with the open end facing the direction of 
flow. The jug was left to fill in this position for about 30 secs and
then drawn out and the contents poured into a bottle,
SAMPLING PROGRAMME
(1) Intensive
After preliminary trials to evaluate the necessity for sample 
dilution to determine the range of salmonella concentrations in the raw 
sewage, a series of samplings was performed to determine if there were 
any major fluctuations in the numbers of salmonellas entering the treatment 
plant daily. For this purpose samples of raw sewage were collected at 
intervals from 0730 - 1800 h over 2 consecutive days. All samples were 
examined for salmonellas; the pH, temperature and suspended solids concen­
tration was also determined. Salmonella concentrations were determined from 
Most Probable Number (MPN) contingency tables (McCrady, 1918; Appendix 2) 
after the isolates had been confirmed serologically,
(2) Protracted
To determine the extent of removal of salmonellas from the waste 
water during treatment, samples were collected once weekly from different 
stages of the activated sludge and trickling filter process. The raw 
influent was sampled between 0900 and 1030 h for reasons which will be 
discussed later and samples from the later stages of treatment were 
collected after the appropriate retention times at each stage of treatment. 
Samples collected from the 2 plants include ; raw sewage (500 ml volumes), 
settled sewage supernatant (after primary sedimentation; 1 1 volumes),
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filter-bed effluent (Woking plant; 1 1) and final effluent (after secondary 
sedimentation; 2 1 volumes). Sampling was carried out over a period of 12 
months at Guildford and 9 months at Woking,
Treatment of samples
In this study the quantity of salmonellas in a sample of sewage or 
final effluent whs determined by the concentration - MPN technique followed 
by selective enrichment and plating on solid selective media. By this 
procedure relatively large volumes (100 - 1000 ml) of a turbid suspension 
can be examined without any problems of filter clogging. The concentration 
technique consists of filtering the sample through a layer^bf powdered 
filter—aid such as Hyflo-supercel (Hopkin & Williams Ltd., Chadwell Heath, 
Essex) according to the method of Hammerstrom and Ljutov (1954), The 
first experiment was performed to determine the minimum depth of filter-aid 
required to retain all of the bacteria in a sample of sewage polluted water, 
This was followed by a study to determine the optimal enrichment-incubation 
period prior to plating the sample in order to yield positive isolations 
for salmonellas.
Determination of the minimum depth of Hyflo-supercel which will retain all 
of the bacteria present in a sample of polluted water.
Method
The apparatus used consists of a Pyrex 250 ml Millipore filter holder 
(Millipore Filter Corp,, Bedford, U.S.A.) fitted to a 2 litre flask with 
a side-arm for connection to a venturi pump (Fig, 11), A sterile filter 
disc (Whatman GF/C, 4,7 cm diameter) placed on the sintered glass base of 
the filtration unit acts as a supporting base for the filter-aid. About 
2-3 g of Hyflo-supercel was mixed with 100 ml of sterile distilled water 
and the suspension then drawn through the filtration apparatus to obtain 
packed Hyflo-supercel depths of 1, 3 and 5 mm.
For each depth of filter-aid, several different concentrations of a 
suspension of S. typhimurium (2003, Univ. Surrey Culture Collection) in 
1 1 of sterile Ringers solution was filtered separately (the whole apparatus 
was autoclaved and cooled each time). The GF/C containing the filter-aid 
was lifted from the apparatus and aseptically transferred into 105,5 ml of 
Rappaport enrichment broth (Rappaport et al, 1955), After vigorous mixing 
it was partitioned following the MPN procedure and incubated at 37°C. The 
filtrate was aseptically passed through a 0,2 urn Millipore filter which was
57
Sample
-Pyrex glass Millipore filter
Layer of filter-aid
Sintered glass support
Evacuation
venturi pump
2 litre side-arm flask to collect filtrate
Fig. 11 Apparatus used for filtration of sewage and sewage effluents
by the method of Hammerstrom and Ljutov (l954).
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then incubated in 20 ml of the enrichment.broth under similar conditions. 
After 24 h, samples from each tube was streaked onto brilliant green agar, 
(BGA, Oxoid CPI 329) xylose lysine deoxycholate agar' (XLD, Oxoid CM 469) and 
sslmonella-shigella agar (SS, Oxoid CPI 99), The plates were examined after 
16-24 h incubation at 37°C, The presence of 5, typhimurium was confirmed 
by slide agglutination using Salmonella polyvalent-0 antiserum (Wellcome 
Reagents Ltd., Beckingham, England),
Results
The results, as shown in Table 5, indicate that 100^ retention can be 
achieved at all the concentrations tested by using at least 5 mm (depth) 
of the filter-aid, At 3 mm, the quantity of salmonellas detained fell 
markedly with increasing concentrations. It is thus concluded that since 
the concentration of salmonellas in the natural aquatic environment may 
vary over a wide range, the depth of filter—aid used for concentrating 
these samples should be at least 5 mm deep in order to retain all of the 
bacteria present.
Table 5. Efficacy of bacterial retention by different depths
of Hyflo-supercel.
Salmonellas concentration/l of water sample filtered
Depth of 
filter-aid 
(mm)
5 X  10^ 5 X  10^ 3 X
.. . ... .
lO'^
HS'^  PIF^
r
HS PIE HS PI F
1.0
(17)9
+ -h
(AP)‘
+
(AP)
+
3.0
b+ — 
(450)
+ + 
(AP)
+
(AP)
+
5,0
+ —
( 550)
4- — 
(AP)
+
(AP) •
MX.'
a, positive for salmonellas; b, no salmonellas detected; c, hyflo-
supercel sample; d, membrane filtered sample (0,2 urn); e, the figures 
in brackets show the MPN estimate of the salmonellas concentration in the 
original sample as retained by the filter-aid; f, (AP) indicate that 
all tubes gave positive results for salmonella ( >  18,000/1).
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Determination of the optimum enrichment-incubation period for the detection 
of salmonellas in sewage polluted water.
The rationale behind this experiment was to compare the growth of 
several Enterobacteriaceae in Rappaport enrichment broth (Appendix 3) 
and to select an appropriate incubation period based on the differences 
between the duration of the lag phase and logarithmic growth rate of the 
different species.
Method
All of the test organisms used in this experiment were obtained from 
the culture collection of thé University of Surrey. They were maintained 
on moist nutrient agar (Oxoid) slopes at 4°C, and include S. typhimurium 
(2003), S. paratyphi B (2009), S. newport (307), 5, derby (2168), Shigella 
sonnei (2005), Proteus vulgaris (096), Enterobacter aerogenes (1808) and 
E. coli (097),
A loopful of each test organism-was inoculated into 10 ml of nutrient 
broth and incubated at 37°C for 6 h. The cells were then harvested by 
centrifugation (5000 rpm for 30 min) and resuspended in sterile Ringers 
solution to an Optical Density 650 nm (O.D^^g) of 0,55 (5-5 x 10^ organisms/ 
ml). Approximately 0,1 ml of the diluted suspension was inoculated into 20ml 
of Rappaport broth in a sterile 1” x 6” glass tube and incubated in a water 
bath at 37°C, At fixed intervals, a homogeneous 3 ml sample was aseptically 
drawn out from each tube into separate cuvettes and the optical density of 
the sample was measured at 720 nm in a Unicam SP600 spectrophotometer. An 
uninoculated broth was used as the blank control.
In parallel with the pure culture work, the effect of prolonged 
enrichment-incubation on the number of positive isolations of salmonellas 
from sewage-polluted water was also examined. For this purpose, 50 ml
volumes of raw or settled sewage were added to an equivalent volume of double 
strength Rappaport broth and incubated at 37°C and 39^0 in a water bath.
At 24 h intervals, a loopful of the sample was streaked onto BGA and-XLO 
agar. The plates were incubated at 37°C for 18-24 h, and the presence of 
salmonellas was confirmed by serology.
Results
Rappaport broth is strongly inhibitory for the growth of Sh. eonnei 
and also delayed the logarithmic growth of E.coli by about 45 h (Fig. 12b),
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Both E. aerogenes and P. vulgaris exhibited an extended lag phase lasting 
for more than 25 h and rapid growth occurred only after 40 h incubation.
On the other hand the salmonellas (Fig* 12 a) were hot inhibited; the lag 
period lasted less than 18 h for all the species examined except S, newport 
which entered logarithmic growth only after 45 h incubation at 37°C.
In summary, the results show a large difference in the shorter time 
taken by the salmonellas to reach logarithmic growth compared to the much 
longer time of other enterobacteria. In a mixed culture this difference may 
be altered due to antagonism between species, but the change is likely to be 
minimal. Instead, the prolonged incubation of a mixed culture may result 
in.more non-salmonella organisms appearing on the selective agar after 48h 
subculturing, and these may mask the appearance of the typical salmonella 
colonies present. This fact is borne out by the results obtained using 
the sewage samples (Table 6), It can be seen that prolonged incubation 
( >  24 h) did not produce any increase in the number of isolations of 
salmonellas but could have the reverse effect; this is due to the overgrowth 
of other contaminants in the sample which made it difficult to identify the 
presumptive salmonella colonies on the selective media.
Table 6. Effect of length of incubation period on the number of
positive isolation of salmonellas from raw and settled sewage
1 ime 
(h)
Number of samples positive for salmonellas
/—
Raw seijage (25)° Settled sewage (20)
r~ 37°cf 39°C  ^ 37°C 39°C 1
24 21^ 23 14 15
48 21 23 11 14
7? 17 20 7 10
a, total number of samples; b, number of samples in which salmonellas 
^ere detected; c, temperature of incubation.
Examination for salmonellas by the MPN procedure
All samples of sewage were examined for the presence of salmonellas. 
The first step involved concentrating the sample through a 5 mm layer 
of Hyflo-supercel as described earlier. The volumes processed were 100 ml
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Plate 1 Appearance of presumptive salmonella colonies
(black centres) on XLD agar after 2Oh incubation 
at 37°C. From raw sewage sample enriched in 
Rappaport’s broth for 24h at 39°C
Plate 2 Appearance of presumptive salmonella colonies
(black centres) and coliforms (yellow colonies) 
on XLD agar after 2Oh incubation at 37°C. From 
raw sewage sample enriched in Rappaport*s broth 
for 36h at 39°C.
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Plate 3 Appearance of E.coli colonies on XLD agar after 
24h incubation at 37^C. Subcultured from growth 
on nutrient agar.
Plate 4 Appearance of presumptive salmonella colonies
(black centres) on S.S. agar after 36h incubation at 37°C 
From raw sewage sample enriched in Rappaport's broth 
for 24h at 39°C.
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of rau and settled sewage, 500 ml of filter-bed effluent, and 1000 ml of 
final effluent. In the first month of the survey duplicate samples were 
concentrated, one for enrichment in Rappaport broth,' the other in a commercial 
preparation of Fiuller-Kauffmann tetrathionate (MKT) broth (Oxoid), In every 
case 105,,5 ml of broth was used as follows; The Hyflo-supercel filter-aid 
containing the concentrated sample was immersed in the enrichment broth 
and, after vigorous mixing, the broths were partitioned into 5 x 0,1 ml,
5 X 1,0 ml, 5 X 10 ml and 1 x 50 ml volumes for enrichment at 39°C for 
Rappaport and 42°C for MKT broth. After 24 h enrichment, a loopful of 
culture from each tube was streaked onto XLD and BG agars (Oxoid) and 
incubated at 37°C for 18 - 24 h. A whole plate was used for each subculture,
A single well—isolated suspect salmonella colony was picked off from 
each XLD or BG agar which showed presumptive growth and streak-purified 
on nutrient agar (Oxoid), After incubation for 18-24 h at 37°C, each 
isolate was tested and confirmed biochemically and serologically, Rappaport 
broth alone was used after the first month as MKT broth did not produce 
higher confirmed counts. Similarly, only XLD agar was used with the Rappaport 
broth since the presumptive colony could be recognised more easily on this 
medium and also because the confirmed counts were comparable to that obtained 
with the BG medium.
Suspended solids determination
The volumes processed for the determination of the suspended solids 
concentration in each sample were 50 ml raw and settled sewage, 100 ml 
filter-bed effluent and 500 ml of final effluent,
A Uhatman Grade-C 47 mm diameter glass fibre circle (GF/c) was wetted 
with distilled water and dried to constant weight in an oven at 90°C,
The dried filter was then placed in a membrane filtration apparatus 
(Gallenkamp) and the sample drawn through the filter by suction using 
a venturi pump. The GF/C containing the suspended solids was again dried 
to constant weight and the solids concentration determined by the difference 
in weight (Anon, 1972),
pH determination
The pH value of each sample was measured using a temperature compensated 
pH meter (E,I,L, Model 38 S) fitted with a glass electrode and readable 
to - 0,05 pH unit.
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Approximately 50 ml of sample in a clean glass beaker was used for 
each measurement. The electrode was immersed in the sample until a steady 
reading was obtained (2-4 min). In between measurements for different 
samples, the electrode was rinsed twice in deionised distilled water and 
recalibrated in standard buffer, solution. For final decontamination, a 5;;:, 
hypochlorite solution was used.
Biochemical characterization of the isolates
Each presumptive salmonella isolate was tested for the fermentation of 
lactose, sucrose, mannitol, dulcitol and xylose. In addition each isolate 
was. also examined for urease and, on occasions, HgS production. All the 
isolates were picked off from the selective media and purified on nutrient 
agar prior to use in the biochemical tests.
Sugar fermentation tests
A 10^ 1 stock solution of each of the sugars used in the tests was 
prepared by dissolving 1 g of the solid (Analar grade reagents, BOH Ltd,, 
Poole) in 10 ml of deionised distilled water and sterilized by filtration 
through a 0,45 urn membrane filter (Oxoid),
Approximately 5 drops of the sugar solution was pasteur pipetted
(aseptically) into 2.5 ml of Andrades peptone water base (with added 
Andrade indicator; Oxoid CM 51) in a sterile bijou containing an inverted 
Durham tube. Next, 2-3 drops of a suspension of the presumptive isolate in 
Ringers solution (Oxoid BR 52) was inoculated into the Andrades base and 
incubated at 37°C for up to 48 h. The results were checked after 24 and 48 h.
Urease production
The test was performed using Christensen’s medium. The urea agar base 
(Oxoid CM 53) was made according to the manufacturer’s instructions and 
after it had cooled to 50°C a sterile 40^ urea solution (Oxoid SR 20) was 
added to the basal medium, mixed well and distributed in 3 ml amounts «in 
sterile bijous and allowed to set in the slope position,
A pure culture of the isolate was heavily inoculated on the surface of
the urea agar slope and incubated at 37°C for 15-18 h. Urease producing 
Organisms hydrolyse the urea to form ammonia, and the medium changes to 
purple-red,
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Hydrogen sulphide production
H^S production was detected on triple sugar iron (TSi) agar (Oxoid 
CM. 277), The medium was made up following the manufacturera instructions 
and allowed to set in sloped form with a butt about 1 in long,
A single colony of the presumptive isolate was smeared on the TSI
agar surface and incubated for 18-24 h at 37°C, Presumptive salmonellas 
turn the medium yellow (acid) with blackening on the surface (HgS production) 
accompanied by gas production.
Some typical biochemical test results for the salmonellas are shown 
in Table 7, Cultures which gave results different from those shown in the
table are regarded as false positives and discarded.
Serological identification of the salmonella isolates
Serological tests were carried out on isolates whose biochemical 
characteristics conformed with those of the genus salmonella. The complete 
identification involved the determination of the specific ’0* and ’H* antigens 
(phase 1 and 2) of each isolate.
Agglutinating sera
Salmonella agglutinating serum (Rabbit) was obtained from Wellcome 
Laboratories (Wellcome Reagents Ltd., Beckenham, England), They comprise 
both, polyvalent and monospecific ’O' and ’H’ sera (Appendix 4),
Agglutination technique
The identification of both the ’0’ and’H’ antigens was resolved by 
the slide agglutination technique.
On one half of a clean, grease-free glass slide was placed 2 loopfuls 
of sterile water and on the other half a similar quantity of antiserum.
Several colonies of a pure culture of the isolate on nutrient agar was 
picked off with a sterile nichrome wire loop and spread in a small area 
on the slide about 1-2 mm from the edge of the water (control) or anti­
serum (test) pool. The liquid was then slowly drawn into the smear and 
mixed to form a smooth suspension. The slide was then gently rocked 
backwards and forwards for about 1 min and examined for agglutination 
by holding it against a light. The 0-agglutination is granular, firm
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(it has been likened to white hailstones) and occurs rapidly. In contrast 
the H-agglutination gives a floccular, loose agglutination (like a grey 
cloud) and occurs slowly.
Sequence of the slide agglutination procedure for the identification of 
salmonellas
For rapid identification the following sequence of slide agglutination 
was adopted;
Step
number Procedure
1 Carry out slide agglutination with Polyvalent-0 (groups
A - S) antiserum. If positive go to step 2, If negative 
perform slide agglutination with Vi antiserum.
2 Carry out slide agglutination with complexed-0 serum:
(4,5,12)-0 if +ve, slide with single 0:4,5 and 9
(6.7)-0 ” 7 and 14
(5.8)—0 " 8 and 20
(9)-0 ’* 9 and 4
(3,10,15,19)-0 " 10,15 and 19
(13,22)-0 " 13
Steps 1 and 2 will complete the identification of the specific'o'antigens.
Steps 3 - 6  are for the identification of the H antigens,
3 For the H antigens, slide as follows;
Rapid 1 - H 
Rapid 2 - H 
Rapid 3 - H J
Polyvalent - H (1-7) sp, & non-sp. ^  for phase 2 antigens 
* Usually agglutination occurs with either the Rapid sere or the polyvalent—H 
(1-7) sere and very rarely in both (i.e. the organism is very rarely*in between 
phase 1 and phase 2).
The results from step 3 are interpreted from the table below:
"X-for phase 1 antigens
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Table 8, Interpretation of the agglutination results in step,3,
Phase 1A. Phase 2H
sera
(
R eh or enx L b k
“h
d
( ' ' 
Poly (1-7)
Rapid 1 + + +
Rapid 2 - 4- + + — —
Rapid 3 + - — + + —
Poly H (1—7)
"
Key: +, positive agglutination; -, no agglutination; ++, capital leters
indicate a pool of H-antigens,
3s If Poly—H (1-7) is +ve (see Table 8), perform slide 
agglutination with the single-H sera; (1,2)-H; (1,5)-H 
and (1,5)-H, This will complete the identification of 
the phase 2 antigens.
3b If the organism is in phase 1, then for any combination 
which indicate a mixture of antigens (shown by capital 
letters in Table 8), slide with individual serum as fellows;
For R, slide with
For G;
if 0 = 4,12 or (13,22) slide with 
if 0 = 6,7 "
if 0 = 9,12
all other 0 '
For enx "
For L 
For b 
For k
For d ’■
(gm),f,s and t 
(fg),f,m,s and t 
(fg),f,m,s,t,p.and q 
(fg),f,m,s and t 
n,x,
(Iw),(Iv),and w 
b 
k 
d
Step 3b will complete the identification of the phase 1 antigens.
If Rapid 1-H, 2-H and 3-H and Polyvalent-H (1-7) are all 
negative, slide with a,c,i,y,z,z^,z^,z^Q and
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The procedures in steps 3-4. will identify-the'H' phase 1 £t phase 2 antigens. 
For complete analysis, the antigens in both phases have to be determined; 
therefore the organisms must be induced to shift into the other phase so 
that the corresponding antigen can then be identified. This phase change was 
accomplished by the Craigie tube method.
Prior to the phase change procedure, a loopful of the 
isolate was aseptically introduced into 3 ml of sterile 
glucose broth (KHgPO^ 1.0 g, FigSO^.VH^O 5.0 g. Peptone 
5.0 g, Dextrose 10 g, distilled water 1 1; sterilized at 
10 p.s.i. for 15 min) and incubated at 37°C for about IB h. 
This cultural procedure enhances the motility of the 
organisms.
Phase change by the Craigie tube method
(1 ) Serum. A 1/300 dilution of each of the single-*H' sera 
in phase 1 and 2 was prepared in sterile Ringers solution 
and stored at 4°C,
(2) Medium, Motility test medium (Difco Lab., Detroit, Michigan) 
was prepared following the manufacturer's instructions and 
dispensed in 6 ml volumes in 1,7 x 15 cm glass test tubes. 
Each test tube also contained a narrow glass tube (0,5 x 4 cm 
0,3 cm diameter) which is half-immersed in the motility 
medium in the tube (Fig 13). The sterile medium was kept 
molten at 50°C in a water bath.
nichrome wire
'Craigie* tube
Motility medium
Inoculum
Fig. 13 Craigie tube method for phase change
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(3) Procedure for phase change
Approximately 0,2 ml of the appropriate dilute serum (i.e. that serum 
which agglutinated the organism) was mixed with the motility medium in 
the test tube and allowed to set in cold running water. Using aseptic 
techniques, a straight nichrome wire was dipped into a suspension of the 
organisms in glucose broth (step 5) and inoculated into the Craigie tube 
about half-way into the depth of the medium in the tube (Fig. 13). It was 
then incubated at 37°C for 1—2 days. During this time the organisms develop 
new antigens and swim out to the surface of the medium outside of the 
Craigie tube. The growth was then picked off using a pasteur pipette and 
inoculated into 3 ml of nutrient broth; after 18-24 h incubation at 37 C, 
the suspension was streaked on nutrient agar for growth at 37°C for 24 h.
The new antigen was then identified by slide agglutination as described 
earlier.
Steps 5—6 will complete the identification of the antigens in the 
alternate phase and thus reveal the complete antigenic structure of the 
isolate.
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Results
Variations in concentration of salmonellas in raw sewage
Results of the intensive sampling procedures to examine the fluctuation 
in the number of salmonellas present in the raw sewage influent are tabulated 
in Table 9 and graphically presented in Fig. 14. They show that the 
concentration of the pathogen in raw sewage entering the treatment plant 
(at Guildford) varied hourly as well as daily over the 2 days of sampling.
In general there was a gradual increase in the number of salmonellas 
from 0730 h onwards, a peak being reached between 0900 and^1030 h. The 
range in the number of salmonellas during the surveillance varied from 
20/1 to 16000/1 on 14 March 1977 and 60/l to 3500/l on 15 March 1977 (Table 
9), A notable point is that, although the peak concentrations of salmonellas 
were different on both days, they occurred at approximately the same times.
To determine the maximum number of salmonellas entering the treatment plant 
and also to evaluate the efficiency of removal of salmonellas under different 
loadings of the pathogen, all of the subsequent samples of raw sewage 
influent were taken during the peak period.
The results also show that maximum counts of the pathogen were detected 
2 h in advance of the maximum flow rate to the treatment plant. The 
variations in flow rates were less marked than the diurnal fluctuations in 
the number of salmonellas in the raw influent. On both days the influent 
flow rates reached maximum between 1200 h and 1300 h and again between 1800 h 
and 2000 h. The decline in the number of salmonellas after 1030 h is, however, 
mainly the result of a lower contamination input rather than a high volume 
of influent waste water diluting the populations since the change in flow 
rate alone is insufficient to account for the decrease in concentration of 
the pathogen.
Level of salmonellas contamination in raw sewage
In the protracted sampling programme sewage specimens were collected 
between 0900 h and 1030 h at weekly intervals and examined for salmonellas.
The results are presented in Table 10 and depicted graphically in Figs, 15a 
and 15b,
Salmonellas were detected in all samples of raw sewage and their 
concentrations ranged from 250 to >18000/1 in the activated sludge plant 
and 80 to 16000/1 in the trickling filter plant. Median values for
74
4-1 «
0 0QJ 44B 04J Ma
<y [3 0u O  04-1 t-4 eo
1+4
0) to
X 44 044 0  (40  44
tkO 0  *H
0 1-4•H . <44)4 00) M4J
0<Ü
CD
W)
0 0
& e0 •HO) H
0
J4
0 r - jU
0to Cl
CvJ1-4 %1-4 04
S0 r".g 1B en1—4 :
cet inco f—! W
0«44 rûO rû 044 rHu E0 in
lO 1-4B 1*4
0 r--. O O
0 1en 44
W 1 0
10 O44 1-4
co 1-4
0 0 E•H 0 >•i4 oco 44
0 •H 1-4O 03 m•i4 }4 o44 O a
0 1*4
0 03 IH44 1-4 o 1-4
Ü •H E0 0 ?4f—4 O 0 O1*4 rO 1—444 B0 0
0 g :
0 44U 0
0 0rH
o CL
ÜO
0•H
o rHCL, 0
0 E  ECü *H
lO 00 -u
o o o m o ino 00 <f esi cN«—I CN es CN) CNJ
O  O  n  o> o es —( m —I
o o i n o o o o o i n\Dor~sinino^in(S.-irHcsescsescSïs
o o o o o o o o oo o o o o o o o o
v O O O O C S S l ’ s D C O O f S  
o  o  —J ï—I r~l «~J p-4 CS CS
o o o o o o o o  nmointncocssf- e s  00 o  e s  r '»  t—I \0"(S^
o o o o o o o o oo o o o o o o o o
v D C O O C S - e f v O O O O t S  
o  o  f—I 1—4 r-l f—I 1—4 CS CS
o o o o o o oo o o in co ro vorv. m en <(• —it—I ro I—4
r - 4 r O < f c S < f O O « - 4 1-4 I—H o es cs o <~i
< } - r -4 i n i - 4 0 0 0 r - l I <t in <f r-l o  es
rotnin<ftn<J-i-4o I tn n in <i' 1-4 <!• o
o o o o o o o oenenoenenmcnmr-ooo»-4cntnr^ooCD 1-4 1—4 1—4 1—4 1—4 1-4
O O O O O O O Omcnenencocnmmr c^o<7^i-4cnnr'‘Coo o o 1-4 1—4 t-4 1-4 1-4
75
iH
Cm
300
250
200
150
100
50
(Q)
4.0
3.5
2.6 3.0
2.0
0800 1200 1600
Time (h )
2000
300 r (b ) 3.0 h
250 3.5
200 3.0
150 2.5
100 - 2.0
0600 1000 1400 1800 2200
F ig .  1 4 .
o
—^
1—1
o•H 1?^r#  •C&u .■p
nCD !o !' ^s 1-ffo WO-Ü e :
cd itti-1—i(H
Q)Ü 1 9o ! «
L ,o
cd  ^ -M;w
o I":.
tiDO
Variations in concentration of salmonellas in ra>7 sewage influent compared with the rate of flow of sewage into 
the treatment plant in Guildford. Results on 14 March 
1977 (a) and 15 March 1977 (b).
4m
bO 
T 3  E  0)X>
Ou *H  WO O 
CO to
to
CtJ
r-t
f-1
(U
co 0)
E u( u
cd ♦ HCO r p
to Mo 0>
z O.
JJfi(Ü
p .
i p A
aM
4-) o(to
Q)
Pr-4 CL
t ! aP CDH 4J
(U
+J
td
(—4
ÙÛ
•p B
(X)
"P
C to
(U H3
a , •H
CO
p o
to to
to
CdrPrp
tu
co <u
Ë
tP P
Cd ♦H
to
to Mo (U
g CL
4J
c
CU
p X
CLip
pM
o
4 -> 0
C
tu
P
rP CL
Ip E
P PM P
(U
P
cd
76
<1- m m m m o o o m m m o 0 0 CM m o m m o m o o o O o n. m o
CNJ vD iP cr. tX) CT\ o in CN o> vO vD p in CM m CM cy> CM <!• vO OO 0 0 p o
0 0 o CT\ rP vP CO n- tP in p O o CT\ vD o\ <r m tP o o p rp o 00 00cn <h CO m <r <n <r m <}• m m cn <r <r Ip m 00 m m m cn m CM cn
o o o o o o o o o o o o o o o o  o o c o o i n o o m o . - » o o m o o c s  m O i —tmoNO<tmr'-.-to.-tc^'>oo.-iCVJCr. Cn CT' W rOr-l r-t (T\
o o o o o o O o o o o o oo o o o o m m 00 o o m om CO m r-4 in o CM p m CM inCM p m vD
P
CM CM m CM in
o o m m P n' CM m o <{•o o CM m o in CM in O O m o m o o o O mCO 0 0 0 0 r- p vO o m CO vO IM IM 0 0 0 0 r- vO Ip CO 0 0 r~ . CM 0 0 m n. 0 0
r » 00 0 0 r - 0 0 r - . 0 0 r - . n . 0 0 n - 00 r - .
o n. CM o in m 00 m m o C O o m m o m m o m m o o C M CM o O o in o
UO m in m <3- C M 00 O N 00 O N 00 00 <[• 00 r~. N O m N O N O m m p o C M C M C M r p CMi p p p p p p C M r p r p r p r p r p p p p p p p p 1— t r p p p r p P r p r p P t P
> I I I I ’ I Ivoooocoor^<J'in«-H CN  C O  r-l O J  CvJ CN
I I I I I I IcxD m oj m cr. cN vDr—I £n t—J Cnj
o O o P r p r p p CM CM CMO rp r p r p r P r p P r p r p P P P r pI p 1 1 1 1 1 1 1 1 1 1 1 I
< h
rp
P ooI— i O'CM P 00 mp C MC M NO COr p O Nr p C O CJn
C O C O : # l c M in CM O CO m O <3" 00 o NO o N O o o o m m o m o o oif]*.! •r p m p O'! O N 0 0 N O o m ON CM p NO O N o C M C M o r-~ CM0 0 0 0  fin CM C M NO p ON in N O CO o O CM C O C O NO ON CO in N O m N O\0 m ON m m NO pp-H C Or—4 in in m m CO 00 NO C O r-
O O O O O O O O O O O O O O O Oo o o o o m o o o m o o o o o o
cNinvotj'iocsoco.—I 1—1 r—t CSJ
o o o o o o o o O o o o om o o o O o o o O o o m mm NO m m O' CM m in 0 0 CO CM
CO f-H cO CM C M
o cc CM O m m o m O o o o m oON 00 NO p C O C O m NO r< m NO 0 0 NO
n - 0 0 O'. n . n . r~. Os P's O s O s
0^ m o o fp m o o N O 00 O m m m m o o o m m m m o m o o o o m
p m C M CM CO m C O o rp CM C O CO sj' ■sT <}• m m m <r Os. CM C O ON 00 (On CO 00 00 O sr p r-4 P P r p p p p P P P p r p r p r p p p p p p CM p p r p r p r p r p P r P
<—fcscNrsicNicO(^ ro<l‘<l'<}‘<fLom lo m  
I I I < I f I I I I I I t I I I )<3’coooiocscT''^fo ro  1—i cN rv) I—I oJ 1—I t—t <s I—I cN
m NO NO NO O s O s
o
C O
CO r— 4 oCM
O'.
CM
■'i mCM
o o 00 CON O N tON
i n C M i n CM NOp CM r p CM
77
< 3-O
m o o  CO P oO' CO CO
O' Os 
CM Pm CM 
O ' p
00sd"
O o
Or s
-sT NO p X
1
o o o c r  r s o f*4
o m o m  o o O
m CJN *d ' NO NO
CO p CM CO ff-4
o  m os f  \ D  O s
o m Os
C M  C M  p  P  P  P
1—I r—J p
I I I
NO CO O  
P  CM CO
o  00
0 0  CM
rs. O
00 o
CM O
Oo
o NO o  m‘o  o o o o m o m o m o o  m p
C O O O m C O C O O N O s s d - O ' C M O N O O O O ' C O c M  C O C Jn
C O c O N N O O s C O O N O P C O O s i n c M s j - o O r O c M  C O C MosmNocoNDcMmcTNNDcococo'd'mNoO' nocm
m
CM
o o o o o o o o o o o o o o o o  o o o m < t o o o o o o o o o o o  m c o N D c M P m r s o m m o m m r s c M o o  m p  mPoomcMNOcocopp
CO
CO m m m \o mCO
rs
o o  
O  p
S XI
O COo ors . 
P  CM
o o s j o o o c o m m o o o c M o m o c ooorsNomsfNONomrsNomNonsrsuoNO
rsrsrsrsrsrsrsrsrsfs-rsrsrsrsfs^rs»
NO 
p  r s  rs p
rs o
T3(UI4J
COÜ
rQCdH
m o o o o o m o o o o m c r o m r s
N o m N o o m m P c M c M c M c M P P c M P PI p  p  r p  r P  r p  r p  r p  r p  r p  t P  r P  r p  r P  r p  r p  p
O  O  O  P  P  P  P  C M  C M  C M
O  (P r p  r p  t P  r P  r P  r p  r p  r p  r P  P  r p  r p  r p  p  
P  I I I I I I I I t I I I I I It Poo<hPoomcMNOcocrcoc3NNOcooP  P  C M  P  C M  P  P  P  C M  CO
CM CO sj- 00
sd' CM 
p  G  O*r-t
4-1
(djd «r4 
Cd T3  >  
<U 4J (UZ (O no
0)o
g
♦H
u
78
ü.(Oo) "dmea
ra
g
S
o>e♦H
E-i
OUl/*OTIOO ■BXIS'UOraX'BS
Tj
Mo«HTj
1—1
•H
Ü3
«•H
p}O
•H-P
(Ü
A-P
PI0
ü
P!
O
ü
m-
n) W1—1 ArH
0
PlO <
a1—1 0o3 Plra 0-P
fciD d
Pl Pl•H 0Pk
pl S1—1 0
ü -p
Pl•H o-P
Pl
0 copl d!—1 1—1
(H rH
Pl 0•H PlO
0 e
qd I—i
d d|3 co0ra •15d
Pi •
0 i>--p
Ch
O
Plra d
ü
•H-p 1w
*H o-U r-0 cn
-P
ü
d
Pl Pl
d drd A)O
cü
ttû•H
79
ü
a
l/l IE4
Ok
td)a•H
o
isA
•H
Co
•H
-P
Cd
Î4-P
d
0
Ü«o
o
M
CdrH
rH ta0 A
Ü
O <3
0ra
0W Pc 0•H -P
Ti 0
g P1—1 0
O AG a•rH 0
H->
•PsU
0 O
1—I(M 0n 0•H rH1—1
0 0
fciD 00 O& a0 1—I
0 00
0N #
0
r0-P 00[-<P œo
0 dÜ 0•H t-3-P
0 1•HU
0 t>-
-P CTiÜ
0P
0 0so
rû
UP.
•H
80
salmonellas concentration are 1700/1 at Guildford and 1600-1700/1 at Woking.
A comparison of their concentrations in the 2 plants showed a variation of 
between 0,5 to 1,5 log^^, on any particular day. In both plants the pathogen 
counts were generally higher in the cooler months (Nov, - Dec, and Jan. - Mar. 
inclusive; mean salmonella concentrations, 5089 organisms/l at Guildford and 
3815 organisms/l at Woking) compared to the warmer periods (1394 salmonellas 
/I and 2371 salmonellas/l at Guildford and Woking respectively).
Influent pH values ranged from 7.45 - 8.15 (mean = 7.71) in Guildford 
and 7,30 - 8,80 (mean = 7,80) at Woking. Variations from the mean pH were 
smaller and less frequent at the former than at the latter plant. The 
difference in temperature of the raw sewage between the 2 plants did not 
exceed 2°C, Generally, higher temperatures (>15°C) were observed during 
the warmer months (Dune - Oct. inclusive; Fig, 15a and 15b) when the influent 
temperature paralleled the air temperature. In contrast although the winter 
air temperatures varied from 4° - 10°C the minimum raw influent temperature 
was greater than 11,5°C at both works, presumably because households use 
much more hot water in winter than in summer. Suspended solids concentration 
in the raw sewage ranged from 282 - 804 mg/l at Woking and 329-1322 mg/l at 
Guildford, There were also greater fluctuations as well as a higher mean 
solids concentration at the Guildford plant (Table 10).
There did not appear to be any correlation between any of the measured 
parameters (temperature, pH, suspended solids concentration) and the level 
of salmonellas in the raw sewage influent. However, it was observed (Fig.
15a and 15b) that the level of the pathogen in the raw sewage was generally 
lower during Duly to October 1977 when the influent temperatures were higher.
Effect of primary sedimentation on the removal of salmonellas and suspended 
solids
Primary sedimentation, which separates settleable solids from the liquid
phase of the sewage, is the first major stage of treatment in both plants.
The clarification is achieved in circular, centre feed-radial flow tanks
(Fig. 6b) with capacities and detention times as shown in Table 4, The
3mean daily influent flow-rate during the study was 13951 m /d into the3activated sludge plant at Guildford and 12353 m^/d into the trickling filter 
slant at Joking,
The effect of primary sedimentation on the removal of salmonellas and 
suspended solids is shown in Table 11 (Guildford plant) and Table 12 
(joking plant). It can be seen after primary sedimentation'the solids content
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of the supernatant settled sewage was greatly reduced at both plants. The 
range of solids concentration in the raw sewage at Guildford decreased from 
329-1322 mg/l before settlement to 101-248 mg/l after sedimentation, while 
in Joking, with its larger total tank volumes and lower mean flow rates, a 
reduction from 159-706 mg/l to 33-146 mg/l was achieved after settlement.
During the 6-8 h period of sedimentation, the larger particles whose 
settling velocities are greater than the upward flow of the waste water are 
removed to the sludge. This results in a narrow range of solids concentrations 
in the supernatant which are made up of small, mainly colloidal particles.
Salmonellas were also effectively removed by the sedimentation process. 
Although they were detected in all samples of settled sewage also, their 
concentrations were 1-2 logs^^ lower than in the raw sewage.
The results show a close relationship between the removal of suspended 
solids and salmonellas during primary sedimentation. In the Guildford plant, 
the mean solids removal (76^) differed from the mean salmonellas removal 
(70fl) by 6 per cent. This close agreement was also observed in the 'Joking 
plant which has similar sedimentation tanks. Here the mean solids removal 
was 82fi while salmonellas removal averaged 11% i.e. a difference of 5 per cent. 
To examine the relationship further the correlation coefficient (r) was 
calculated using actual values rather than percentage reductions for decreases 
in salmonellas and suspended solids after primary sedimentation, A positive 
correlation between the amount of solids removed and the reduction in number 
of salmonellas after primary sedimentation was demonstrated. For the 
Guildford plant r = 0,3912 (p <  0,001) and for the Joking plant r = 0.7194 
(p <  0,001), This indicates that the removal of the pathogens during 
primary sedimentation occurs by virtue of the fact that they are adsorbed 
and/or embedded in the settleable solids in the raw sewage. Further statistical 
analysis of the results revealed a greater dispersion in the number of 
salmonellas present in the raw influent compared with the concentration of 
solids. This may account for the slightly greater (5-6%) solids removal 
during settlement compared to the bacteria or may reflect inaccuracy inherent 
in the MPN method. After sedimentation there was a lower variance among samples 
examined for salmonellas and suspended solids as compared with the values for 
raw sewage. In addition the ratio of the variance between salmonellas and 
suspended solids also decreased from 48 : 1 in raw sewage to 5,4 ; 1 in the 
settled sewage at Guildford, Similar data from the Joking plant showed a 
reduction from 68 ; 1 in the raw sewage to 15 : 1 in the settled sewage.
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Effect of solid and salmonellas concentration on the efficiency of their 
removal during primary sedimentation
Inspection of Tables 11 and 12 did not indicate any conclusive results 
regarding the effect of the initial salmonellas and/or solids concentrations 
in the raw sewage on their removal efficiency during primary sedimentation. 
However, differences in influent flow rates may be primarily responsible 
for the level of salmonellas and solids removed and this will be examined 
in more detail in the discussion at the end of this section. Some of the 
results in Table 12 (23-5-77, 27-6-77, 12-9- 77, 8-11-77; flow rates on 
these days range from 10130 - 11810 m /d) indicate that for similar pathogen 
concentrations (approx. 9000 organisms/l) the efficiency of salmonellas 
removal increased with higher solids concentration in the raw sewage. This 
is supported by inspection of the scatter diagram of per cent, pathogens 
removed plotted against suspended solids concentration in the crude sewage 
(Fig, 16a), In it, the correlation between salmonellas removal and suspended 
solids concentration in the crude sewage was clearly indicated, especially 
in the Woking works, in a band (a-B, B-C; Fig. 16a) of increasing pathogens 
removal with progressive solids loadings. The wider variations at the 
Guildford works may be attributed among other things, to the relatively 
higher influent flow rates at this plant.
Effect of flow rate on the removal of solids and salmonellas during sedimentation
The relationship between influent flow rate and solids and salmonellas 
removal during primary sedimentation is shown in Fig. 16b. An average3influent flow rate of 170l/s (14688 m /d) was recorded on the sampling 
occasions at Guildford and the variations during the study ranged from 60- 
240 l/s (5184 - 20737 m /d). As such, the plant falls within the category3of a low to medium rate process treating less than 30000 m of waste water 
daily. In Fig.16b the points on the graph indicate the average flow rate 
between the 1st (raw sewage) and 2nd (settled sewage) samplings, the actual 
number of salmonellas removed & the amount of solids extracted per litre 
of sample on the particular sampling occasion. Therefore all the points 
along the same vertical axis represent the solids or salmonellas removal at 
the flow rates indicated.
In general the removal of suspended solids and salmonellas appear to 
parallel the influent flow rate; increases in the rate were accompanied 
by increases in solids and salmonellas removal and vice versa. This would 
appear plausible considering that it is a low rate plant. However, a close 
examination of the results show several interesting points. On many occasions, 
increases/influent flow rates were accompanied by a decrease in solids and
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and pathogen removal during the sedimentation process. But, as the data 
in Table 13 shows, this is not a simple inverse relationshipj the actual 
numbers of the pathogen removed also depend on the initial solids concentration 
in the raw sewage. For example, at a flow rate of 150 l/s, more salmonellas 
were removed when the initial solids concentration in the raw sewage were 
higher (Table 13, 15-8-77 and 22-8-77; 28-2-77 and 4-10-77), This is also 
true when the flow rate was nearly doubled (1-8-77 and 13-4-77; 6-8-77 and 
26-9-77), These results indicate that the removal of salmonellas during 
sedimentation is a complex process. Apart from the factors already mentioned, 
flocculation and temperature may:also influence the process. Changes in 
temperature, for instance, will lead to alterations in fluid viscosity and 
settling velocities which may affect the adsorption of the bacteria onto 
solids. Thus the extent of removal of salmonellas depends upon a number of 
factors which all act simultaneously in the environment of the settling tank 
and the most important of these seems to be flow rate and solids concentration.
Removal of salmonellas by biological treatment
After primary sedimentation the settled sewage undergoes aerobic 
biological treatment; in the Guildford plant the activated sludge process 
is used, but in the Woking plant trickling (percolating) filters are used.
Date on plant performance
In order to ascertain that the values obtained for the efficiency of 
salmonellas removal were from a normal working plant, some biochemical data 
on the influent and effluent qualities were gathered from the two works.
Table 14 shows the biochemical characteristics of the primary tank influent 
(raw sewage), settled sewage and the final effluent at the 2 works.
It can be seen that during the period of study both plants were working 
efficiently as judged by the reduction of the biochemical oxygen demand 
(BODg) end nitrogen content of the crude sewage. The reduction in chemical 
oxygen demand (COD) and the phosphate levels were with acceptable limits.
The suspended solids concentration in the final effluent from the 2 works 
were also well within the Royal Commission standards,
Salmonellas removal
The "results in Tobies 15 and 16 compare the efficiency of removal of 
salmonellas at the two works. To validate this comparison, sample data 
have been selected to provide similar mean values for the concentration of 
salmonellas entering both plants. They are presented in these tables in
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order of increasing concentration of salmonellas entering the aerobic process 
rather than in the chronological sequence of sampling.
(1) The activated sludge process
The results in Table 15 show that the activated sludge process resulted 
in an average removal of 98,3^ of the salmonellas present in the settled 
sewage supernatant. Removal of suspended solids paralleled the removal of 
salmonellas at 93,5^, This efficient removal of the pathogen was always 
achieved irrespective of the initial salmonellas concentration in the settled 
sewage. For example a concentration of 80 or 1600 salmonellas/l (12-9-77 
and 15-8-77) resulted in a 100/, removal of the pathogen. Nonetheless this 
efficiency was dependent upon the removal of solids as shown by the results 
of 11-10-77 where there was an increase in the amount of suspended solids 
in the final effluent and which showed a relatively high number of salmonellas 
discharged together with the final effluent. Similarly, for the same initial 
concentration of salmonellas in the settled sewage the numbers in the final 
effluent were higher when solids removal was appreciably lower (13-4-77 and 
25-9-77; 1-8-77 and 11-10—77), Rainfall did not appear to affect the removal 
of salmonellas by the activated sludge process,
(2) The trickling filter process
The relatively less efficient performance of the trickling filters may 
be judged by the removal of solids and the reduction in numbers of salmonellas 
as shown in Table 16, The efficiency of removal of solids did not exceed 
88,6/ and over the range of salmonella concentrations encountered, the 
percentage removal efficiency was independent of the initial concentration 
of the pathogen. When there were greater than 350 organisms/l, however, the 
actual reduction in numbers of the pathogen was substantially lower in the 
tirckling filter compared with the activated sludge process. Although the 
solids removal efficiencies were relatively similar, the number of salmonellas 
in some samples of final effluent were 30-60 fold greater for the same initial 
concentration of the pathogen in the settled sewage (22-8-77, 5-9-77, 22-11-77 
and 15-1—78), It was noted that the solids, mainly small discrete particles, 
in the final effluent did not settle out of suspension. The occurrence of 
widely fluctuating numbers of salmonellas in, the final effluent containing 
roughly similar amounts of solids suggests an association between the two 
which is different from that in the activated sludge process.
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(3) Reduction of salmonellas through the trickling filter alone
The results in Table 17 show that the trickling filters alone (without 
humus settlement) removed less than 60% of the solids and, on average, less 
than 65% of the salmonellas in the settled sewage. Generally, high numbers 
of salmonellas resulted in lower actual reductions of the organisms and this 
was especially so when there was moderate rainfall during the day. On such 
occasions there was no reduction or even an increase in the number of 
salmonellas in the filter.bed effluent. The amount of solids removed was 
unpredictable and the actual reduction through the filter beds was not 
influenced by their initial concentration or by the rate of flow of settled 
sewage through the filters.
Effect of flow rate on the removal of salmonellas and suspended solids ' 
through the trickling rilters alone
During the surveillance period, the rate of flow of raw sewage entering 
the trickling filter plant at Woking varied from 100-197 l/s (8640-17030 
m /d), with a mean daily flow rate of 123 l/s). Therefore this is also a 
low to medium rate plant in terms of the volume of waste water being 
treated daily.
There was little correlation between solids or salmonellas removal and 
the rate of flow of settled sewage through the filter beds (Fig, 17). Both 
their removal varied erratically and on several occasions there was an 
increase in the salmonellas concentration in the filter bed effluent although 
the solids concentration was reduced 1 to 2-log^g. Hence in a low—rate 
trickling filter, minor variations in the flow rate alone is insufficient 
to account for the variability of solids and salmonellas removal. Consequently, 
other factors must be involved and these may include the thickness of the 
microbial film on the surfaces of the filter bed medium, its growth rate, 
the age of the filters, grazing by metazoa, and the association between the 
pathogens and suspended solids in the supernatant settled sewage.
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Overall plant performance
Table 18 shows the combined effects of primary sedimentation, biological 
treatment; and secondary sedimentation on the removal of salmonellas from 
the influent waste waters at the 2 plants in study.
(1) Guildford plant
Uith its activated sludge treatment including primary sedimentation, 
the Guildford plant removed an average of 99^ salmonellas from the final 
effluent irrespective of whether the numbers of pathogen initially present 
was >  18000 or 200/l* Median values range from 1700-2000 organisms/l in 
the raw sewage to 2/l in the final effluent,
(2) yoking plant
In comparison to the Guildford plant, the Woking plant is less efficient 
at removing pathogenic salmonellas from waste waters when percentage removal 
efficiencies are collated, and when the actual number of pathogens removed 
was examined, it was observed that the amount of salmonellas removed by the 
trickling filter process decreased with increasing pathogen concentration in 
the raw sewage. The number of salmonellas per litre of final effluent from 
the 'Joking plant averaged 230 organisms while the Guildford effluent contained 
only 4 organisms/l. Analysis of variance revealed no change when the 
settled sewage and final effluent was compared.
The overall greater efficiency at the Guildford works is therefore 
attributed to the newer activated sludge process in spite of the less
efficient primary sedimentation. It has already been demonstrated that
primary sedimentation was marginally more efficient at the Woking works due 
to its lower loading and higher capacity.
Final effluent quality
Table 19 shows, in chronological order, the characteristics of the final 
effluent, including salmonellas concentration, in both works. On average, 
the quantity of solids discharged with the effluent was 58/ higher at the 
. oking l orks although both were ti'ithin the 20/30 Royal Commission Standard,
The solids concentration remained fairly constant but the quantity of
salmonellas in the final effluent varied erratically from 0 - '^ 500 organisms
/l at the trickling filter plant.
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Analysis of the effect of temperature revealed no correlation with 
either salmonellas or solids concentration in the final effluent (Figs. 18 
and 15). Pathogen concentration is most closely related to the level of 
solids. Temperature influences are so small in the range studied as to be 
masked by other factors including the flow-rate and solids concentration. 
Nonetheless in tropical and subtropical regions elevated temperature should 
play a more significant and positive role in improving pathogen removal 
and destruction efficiency.
Salmonella serotypes isolated during the study
Table 20 lists the different species of salmonellas isolated from 
influent and effluent samples collected from the Guildford and Woking waste 
water treatment plants during the field study.
In all a total of 1374 strains were isolated and characterized serol­
ogically. Of these, 734 strains were isolated from the Guildford works 
and another 640 strains from the Woking works. A total of 43 different sero­
types (species) were identified but only 21 serotypes were common to both 
towns. The 734 strains from the Guildford plant comprised of 34 species 
while only 30 species were isolated from the Woking works. Common and 
exotic species were recovered from both towns. Some of the exotic serotypes 
are found at one plant only: for example, of the 13 species found at the 
Guildford plant only, several are exotic serotypes such as S, nchanqa,
S, niqeria,and S. vejle. Serotypes detected at Woking only include S, essen, 
S. Worthington, S, brsenderup, S, brandenburq, S. enteritidis, S. infantis. 
and S. newport.
Common species
By far the most common salmonella species isolated at both works was 
S. typhimurium. In Table 21, the 10 most numerous species isolated from 
each plant are presented as a percentage of the total number of isolates.
In Guildford the second most common species isolated was S. bredeney followed 
by S, derby, 5, virchow and S, st. paul etc. In contrast S. virchow occupied 
second position at Woking followed by 5, bredeney, S. Worthington, etc.
This indicates that although the same species was recovered their densities 
are not the same at both plants.
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Table 20 Salmonella serotypes isolated from the Guildford and
Woking works during the period January 1977 to January 1978
Serotype Guildford Woking
S. agona (53)
S . ana turn (31 )•^S. bareilly (4)
*8. bovis morbificans (9) -^S . braenderup ( 20 )
*8. brandenburg (15)S. bredeney (171)
S. Chester (19)
S. Cleveland (l2)
8. coeln (15)
8. colindale (9)
*8. derby (83)
"*"8. eimsbuettel ( 11 )
•^S. enteritidis (26)
•^S. essen (15T"
S. give (32)
8. hadar (45)8. havana (7)
•^8. heidelberg (14)-^8. indiana (16)
*8. infantis (23)8. isangi (23)
8. kaapstad (7)
*8. kentucky (6)*8. kiambu (11)
8. livingstone (21)
8. london (30I 
*8. meleagridis (11)
*8. nchanga (tT 
8. new haw (9)*8. newport (16)
*8. nigeria (5)8. panama (20-)
•^8. paratyphi B (27)8. poona (20)
8. reading (50)
*8. schwarzengrund (IO)
^8. senftenberg (9)
S. St. paul T 49)
8. typhimurium (234)*8. vejle (5)
8. virchow (l22)
•^8. Worthington (29)
Untyped (Poly'O'+ve) (23)
39)
•i
100)
I83)
11)
15)
29)
5),
14)
16)
2)
7)
33)10)
42)
135)
5 )^
44)
(17)
14)
23)
2tt)#
10)
2)
17)
23)
II)
13)17)
99)
78)
29)
(6)
Total 1^
Number of serotypes 
Number of serotypes 
common to both works
1374
43
734
34
21
640
30
21
^Serotypes detected at 1 plant only; (a) Figures in brackets refer to the
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Table 21 Ten most—numerous salmonella serotypes isolated from the 
Guildford and Woking plants^ (presented as a percentage 
of total number of isolates)
Guildford ■ Woking
No. Serotype Percentage Serotype Percentage
1 5, typhimurium 18.8 S, typhimurium 15.5
2 5. bredeney 13,9 S. virchow 12,2
3 S, derby 11.5 S, bredeney 11,1
4 S, virchow 6,1 S, Worthington 4.5
5 S, st, paul 5,8 S, paratyphi B 4.2
6 S, agona 5.4 S. enteritidis 4.1
7 S. reading 4.6 S. infantis 3,6
8 S, hadar 4,0 S. anatum 3,6
9 S, london 2.4 S, isanqi 3,3
10 S. Chester 2.4 S, braenderup 3,1
Isolates from raw sewage and effluent samples.
Examination of the salmonellas isolated from the same batch of samples 
of raw and settled sewage, filter-bed effluent, and final effluent indicated 
that the serotypes detected in the final effluent was most frequently 
represented by the more numerous salmonellas species present in the raw 
sewage sample. For example, if most of the salmonellas present in the raw 
sewage was 5, bredeney, then this serotype was most likely to be detected 
in the final effluent also.
Isolation frequency of some salmonellas species in relation to the incidence 
of human salmonella-infection in Guildford
The list in Table 20 is by no means exhaustive; due to a variety of 
reasons usually one, sometimes two, isolated, colonies were picked from each 
plate of primary selective agar for purification and identification. Thus, 
only a fraction of the total number of organisms present on the primary plate 
was tested and identified. This "restrictive selection" procedure may also 
have introduced some degree of bias in the results in Table 21 * A more 
objective assessment of the ubiquity of any species would be to examine the
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frequency of detection of that species during the whole surveillance period. 
This was carried out and the results presented in Fig. 20, The data show 
the frequency of isolation of some of the common and rarer salmonella sero­
types isolated from the sewage works at Guildford during Feb, - Dec, 1977,
The incidence of some human cases of salmonella infection reported by the 
PHLS (Public Health Lab, Service, St, Lukes Hospital, Guildford) during the 
same period is represented by the open circles. The analysis based on a total 
of 36 samplings.
An immediate impression from inspection of Fig, 20 is the difference in 
distribution between the common and rare salmonellas serotypes throughout 
the sampling period. Salmonella typhimurium was regularly isolated on 26 
different occasions from Feb. - Nov. 1977 at a frequency of isolation (f) 
of 72,2^, Similarly, S. bredeney, S, derby and S, virchow were also detected 
throughout the year with f values of 63,9, 52,8 and 50,0% respectively. 
Salmonella st. paul was isolated on 13 occasions (f = 36,1%) which could be 
divided into 3 groups throughout the year. Salmonella aqona was more 
frequently detected in the first 6 months of the year. Among the rare sero­
types, S. kiambu was isolated on 2 occasions spaced 2 weeks apart (f = 5,6%) 
while S, nigeria and S. nchanqa was isolated once during the later part of 
the year.
An interesting relationship was observed when the frequency of isolation 
of the different serotypes was compared to the incidence of salmonella 
infection in the human population. Of the 10 different species which caused 
infections in the human population, 8 were detected in the sewage sample 
from the Guildford plant. On a majority of occasions they were isolated 
before, during, and/or after the reported time of infection in the patients.
For example S. aqona was detected in the sei-iage on 21-3-77 and an infection 
by that organisms was reported by the PHL5 on the following dayi It was also
isolated from the sewage on 25-4-77 and a day later another infection by
S. aqona was reported to the PHLS in Guildford. It could still be isolated 
from the sewage a week after a third case of S, aqona infection on 15-5-77, 
Salmonella virchow was detected in the sewage before, during and after reported 
clinical infections by the organism, on 4-8-77, 5-8-77 and 10-8-77, The 
occurrence of S, typhimurium frequently overlapped the reported infections by 
that organism. A clinical infection by 5. hadar occurred on 20-7-77 and the
organism was detected 3 weeks later in the sewage. However S. hadar had been
isolated^ from the sewage 4 months earlier. Similarly S, poona, 5, kiambu 
and S, reading u'ere all detected in the sewage some time after they had 
caused infection in the community.
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In general it appears that the organisms which cause disease in the human 
papulation can be recovered from their sewage, but intensive surveillance 
is required to obtain a close correlation between the onset of the disease 
and discovery of the causative organisms in sewage*
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DISCUSSION
The mid-morning decline from a peak in the numbers of salmonellas in 
raw sewage is indirect evidence that the majority of excreters in the human 
population are symptomlsss temporary carriers or convalescents rather than 
clinical cases. The last mentioned would be expected to show a less marked 
periodicity through the day. The change in flow rate alone (- 35 l/s) is 
insufficient to account for the 100-fold drop in the salmonella loading 
between 1000 and 1500 h. The Guildford abattoir is another potential source 
of salmonellas between the hours- of 0730 and 1630 when it discharges effluent. 
The absence of a peak other than the one noted in the results suggest that 
the contribution from the abattoir is small in comparison with that from the 
human population. This is further, indicated by the absence of some of the 
commoner animal associated salmonellas such as S, dublin, S, cholerae-suis,
S. thompson and S, qallinarum. The volume of waste water entering the plant 
increased steadily from 0600 h onwards to reach a peak at around 1200 h and 
again between 1800 and 2000 h. From the results it is suggested that for the 
enumeration of salmonellas, sewage samples should be obtained from the 
appropriate locations at the treatment plant about 2 h in advance of the first 
peak influent flow in order to be able to detect maximum numbers of the 
pathogen,
Salmonellas were detected in all samples of raw sewage obtained from
the 2 treatment plants. Their concentrations ranged from 80 to >  15000
organisms/l at both works but the median counts remained at 1700 - 2000/1 in 
Guildford and 1500 - 1700/l at Uoking, This is in close agreementuith the 
quantities detected by other workers, for example, the median numbers of 
salmonella in the crude sewage at Hull, England varied from 100-4000/Ï 
(McCoy, 1977), In the tropics, reported concentrations vary from 7900 - 
54000 organisms/l (Rao, 1973) but the numbers may be even higher in epidemic
areas (Gracey et al. 1979), A survey in Togo for example (Bockemuhl, 1977)
suggested a human salmonella carrier rate of 3-5%, Surveys of the carrier 
rate in the general population in the U, Kingdom are rare but from limited 
data it would appear to range from 0.1% to greater than 1%. Thus there may 
be considerable variation in the salmonella loading in different parts of 
the world, but in general, the factors which govern their concentration in 
the crude sewage include (1) the size of the. contributing (infected)population 
and (2) the degree of dilution,
' ».In a study of the seasonal variations in the concentration of salmonellas 
in an estuary which received crude sewage McCoy (1964) noted highest counts 
during the spring and summer months. In this study there is no suggestion
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of the relationship found by McCoy. In contrast, the numbers of salmonellas
in the raw sewage were generally lower during the warmer periods (Dune to i
IOctober inclusive), and the median counts were higher during the first and 
last quarters of the year when the influent flow rates were about 20% 
greater. It is therefore unlikely that the higher salmonella counts during 
these periods is due to a concentration effect resulting from lower volumes 
of waste water diluting the populations. This relation was also noted by 
previous observers (Report, 1959) between sea temperature and the number of 
organisms of human origirr present. A calculation of the number of human 
infections reported in Guildford' showed no increase to account for the higher 
numbers of salmonellas detected in the crude sewage during the early and 
later parts of the year. Nevertheless, the presence in the community of 
only a few sporadic infections'may- be* enough, even when allowance is made 
for dilution, to ensure that salmonellas are present more or less constantly 
in the crude sewage. For example, it has previously been noted that a 
dysentery carrier (Sh, sonnei) had continued to excrete the organisms for 
2 years and at times the inoculated plates yielded almost pure cultures of 
the organism (vide McCoy, 1957), Such an occurrence for salmonellosis 
(Anon, 1978) may account for the regularly high numbers of the organisms 
found in sewage. The appearance of clinical cases may add to the background 
level provided by the symptomless excreters and result in increased concent­
rations of the pathogen during short periods of the year. In addition the 
work of Moore (1948, vide McCoy, 1957) demonstrated that the absence of known 
acute infection in an area was no guarantee that specific types of salmonella 
would be absent in sewage from the area; in the Epping paratyphoid 8 epidemic 
in 1931 paratyphoid bacilli were isolated from the sewage effluent of that 
town even in years when no cases of paratyphoid in the town were recorded.
These earlier studies and the results of this investigation suggests that 
notified cases of salmonella infections form only a small portion of the 
total infection existing, that the reservoir of latent infection in a 
population is more extensive than is indicated by the occurrence of sporadic 
cases, and that excreters may exist in a community for considerable periods 
without producing clinical infection.
It was evident that primary sedimentation played an important role in 
achieving a large reduction in the number of salmonellas in the waste water 
before biological treatment. Removal of the pathogen at this stage paral­
leled the removal of solids although the latter was 5—6% higher. There was 
a positive correlation, r = 0,3912 (p <  0.001) and r - 0,7194 (p <  0,001), 
between removal of solids and salmonellas in both plants. The data presented 
suggests that the organisms are associated with suspended solids by adsorption 
and/or being embedded in the organic material,' This physical association
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of salmonellas and settleable solids accounts for the similarity in the 
efficiency of their removal during sedimentation.
The data presented in Tables 11 and 12 indicates that removal of 
salmonellas during primary sedimentation ranged from less than 30% to almost 
99% in the retention times specified (Table 4), This occurred over a range 
of solids concentration which, besides flow rates, also affect salmonellas 
removal. In similar studies, Mom and Schaeffer (1940) demonstrated an 80% 
reduction of S, typhi after sedimentation in an Imhoff treatment plant at 
influent flow rates of approximately 5060 m^/d (compare with 13951 m^/d 
at Guildford), However, no comparative data was provided for solids concen­
tration or their removal efficiency. Increases in the bacterial concentration 
of the supernatant settled sewage also have- been reported, for example, in 
an Imhoff tank, Heukelekian (1927) noted up to 230% increase in 8 .coli 
concentration after sedimentation (no information on flow rates or solids 
concentration provided), Clarke et al. (1961) also observed changes varying 
from 205% growth to 60% reduction in coliforms in laboratory sedimentation 
studies at various t’imes up to 24 hours. These results may be spurious or the 
observations may be the result of release of bacteria from the sludge solids 
during settlement; it is also possible that the suspended solids in the 
influent samples may have been excluded from the bacteria enumeration 
technique. In this study, the mean solids and salmonellas removal during 
primary sedimentation was 82 and 77% at Woking, and 76 and 70% at Guildford 
respectively. The slightly more efficient sedimentation at Woking may be 
attributed to its receiving a lower flow (aporoximately 7600 to 12110 m /d) 
of raw sewage which is distributed into 4 primary sedimentation tanks. By 
comparison, the corresponding section of the Guildford works treats between 
7500 and 22800 m /d of crude sewage which is distributed between only 2 
primary sedimentation tanks. The beneficial effect of a longer retention 
period has also been reported by Ruchhoft (1934, laboratory study). He 
demonstrated that the removal of 5, typhi during settlement of activated 
sludge was increased from 16% to 99,5% when the settling period was extended 
from 1h to 5,5 h. The wider variations in salmonellas removal compared to 
the removal of solids may be attributed to several reasons. Among them is 
the statistical problem of obtaining representative samples from large volumes, 
This difficulty is aggravated by the likely occurrence of eddy currents which 
may result in nonuniform flow of waste water through the settling tanks. 
Another factor may be the probability of disaggregation and reaggregation 
of cells, during settlement.
In summary it may be safely affirmed that salmonellas are removed by 
their association with the settleable solids, Salmonellas which are fre'e
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in suspension or associated with non—settleable solids under the conditions 
prevailing in the sedimentation tanks pass on with the supernatant settled 
sewage for biological treatment. It therefore follows that any mechanism 
which will improve solids removal will also increase the removal of bacteria 
during sedimentation, A common mdthod of achieving the former in water 
treatment has been the controled use of coagulation aids, _ In a laboratory 
study concerning the use of coagulants in primary sedimentation of sewage, 
Al-Momen and Willis (1978) observed that greatly increased suspended solids 
removal can be achieved by the use of ferric chloride (FeCl2.6H20) st a 
concentration of 200 mg/lr A lower increase was obtained when similar 
quantities of alluminium sulphate or aluminium chloride was used (Fig, 21)
Thus it may be deduced that the removal of pathogenic bacteria in waste water 
will also be increased through the use of coagulants such as FeCl^. However, 
one disadvantage of the addition of coagulant is the decrease in dewaterability 
of the resultant sludge. It was found that dewaterability of the sludge was 
lower than that of sludge from untreated sewage by a factor of 5 in the case 
of FeClg. Therefore any gains in terms of solids and salmonellas removal 
will have to be considered against the cost of coagulant and the additional 
cost of sludge dewatering. Furthermore, since the results of this study 
show that further treatment, especially by the activated sludge process, can 
effectively remove the solids and salmonellas remaining after primary 
sedimentation, the use of coagulants to increase their removal further,during 
settlement might be an uneconomical advantage, except where sedimentation 
is the sole method of treatment. Most field experience also indicates that 
surface overflow rates must be reduced for chemically coagulated sewage in 
order to prevent massive overflow of floe (Culp et al. 1978), An alternative 
and simpler approach would be to control the flow of sewage through the 
primary sedimentation tanks to allow for a fixed upper limit for the effluent 
suspended solids concentration.
Vessel shapes do not appear to be a critical factor; from their studies 
White and Alios ( 1976) concluded that the benefits gained from improvements 
in tank configuration are not likely to be large. Nevertheless the results 
of this study indicate that even in a low rate plant small changes in flow 
rates can affect pathogen and solids removal adversely. This suggests that 
there is still need for further improvements in the design of inlet baffles 
and pipes to minimize turbulence during the sedimentation process. Other 
factors which are often ignored in the design procedure and which can affect 
solids and salmonellas removal are the rate of sludge removal and the 
resuspension of solids from the sludge by turbulent shear at the sludge- 
liquid interface.
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Fig. 2". Efficiency of solids removal in the presence of different 
coagulants in the sedimentation of rau sei'age, (Adapted 
from Al-Momen and dillis, 1978),
Variations of temperature can cause changes in the kinematic viscosity 
and set up thermal currents within the liquid phase of the sewage. Although 
improvements have been reported in settlement of small samples of sewage 
left under quiescent conditions when the temperature was raised from 4,4° 
to 18,3°C, Alios (1967) reported that a temperature difference of - 1,0°C 
had very little effect on settling velocity, and the effect on kinematic 
viscosity of the sewage is only about 271, In the survey, it was noted 
that the temperature change within 4 h on any day was ^  1.5°C. Therefore 
any influence on the rate of salmonella removal through settlement would be 
minimal and is likely to be masked by more important parameters such as flow 
rate, solids concentration and settling characteristics of the suspension.
Consideration of the combined effects of biological treatment and 
secondary sedimentation show that more salmonellas are removed by the
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activated sludge (average = 985^ ) than by the trickling filter (average = 86%)5process. Analysis of variance show a change from 4.32 x 10 to 53,3 in
5 5Guildford and from 1,71 x 10 to 2.88 x 10 at Uoking (data refers to Table 18 
which includes primary sedimentation).
The filter-beds alone removed only 64% of the salmonellas in the settled 
sewage and less than 40% of solids. The significant lack of correlation 
(r = —0,0607, calculated from Table 17) between the removal of solids and 
salmonellas through the trickling filter may be explained in terms of biolog­
ical predation removing salmonellas independently of solids whereas sediment­
ation is a mechanical process largely independent of biological activity 
but which directly affects bacterial removal. The efficiency of salmonella 
removal through the trickling filter alone.shows erratic variation when 
compared with the combined effect of filters plus humus tank settlement and 
the two processes must always be considered together. In general, the 
actual numbers of pathogen removed appear to be inversely related to its 
initial concentration in the settled sewage. Also climatic factors such as 
rainfall affected the process adversely and resulted in poor reduction or 
even an increase in the number of salmonellas in the effluent. These 
observations may be explained as follows: Covering the surfaces of the 
media in the filter-bed is a microbial film composed predominantly of bacteria 
and ciliate protozoa. Under similar conditions of flow, a low concentration 
of salmonellas can be easily removed by adsorption and/or ingestion at the 
film surface but at high concentrations a lesser number is removed. This 
is presumably because the pathogen is dispersed in the settled sewage and 
those at the extremity of the flow will be out of contact with the film.
Also, as the bed ages the microbial film, which may contain viable salmonellas, 
grows in thickness and falls off due to hydraulic forces. This causes an 
increase in the bacterial and solids concentrations in the effluent. Ageing 
also results in the formation of channels in the bed through which sewage 
can pass through rapidly. Thus in the trickling filter, the beds comprising 
of graded media remain static and bacteria in the settled sewage is removed 
by adsorption and/or predation as it flows over the surface of the biological 
film in the bed. Excessive loading following heavy rain will have the effect 
of reducing the contact time between the microbial film and the sewage.
In contrast the efficiency of the activated sludge process is not 
affected by variations in the initial salmonellas concentration or by rain­
fall, In this process there is a dynamic interaction between the settled 
sewage and the activated sludge solids caused by the mechanical agitation 
of the mixed liquor (Guildford plant). The mean hydraulic retention time 
of the mixed liquor in the aeration tanks is at least 6 h and within this 
period bacteria in colloidal suspension or associated with non-settleable
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solids become trapped and adsorbed onto the sludge floes. Most of the 
salmonellas are ingested by the ciliates but a proportion of them are 
removed from the liquid phase solely by the adsorption process. An average 
of 98,3% of salmonellas was removed in the time specified.
Overall, the study revealed that the activated sludge.process of sewage 
treatment is superior to the trickling filter process for removing pathogenic 
salmonellas from waste waters. The effluent salmonella concentrations 
ranged from 0—50/l at Guildford and O-2500/l at Woking. The data indicate 
that salmonella removal efficiencies for the 2 systems averaged 99% for the 
activated sludge and 93% for the trickling filter. Results of bench scale 
studies indicated similar overall removal efficiencies for activated sludge 
systems, namely 91-99% for S, typhj (after .6 h aeration; Green and Beard, 
1938); 97-98% for S. paratyphi B (5 h aeration; Streeter, 1930) and 96-99% 
for S. typhi (6-14 h aeration; Bruns and Sierp, 1927), Reported overall 
reductions for the trickling filter process were generally lower viz, 71% 
for S. typhi (Coetzee and Fourie, 1955), 84-99%. for S. paratyphi B (McCoy, 
1957 vide Kabler, 1959) and 99,5-99,9% for S. typhi (intermittent dosing; 
Green and Beard, 1938), The plot in Fig, 22 shows that the number of 
salmonellas in the activated sludge final effluent is independent of the 
concentration in the raw sewage but is closely related to the amount of 
solids discharged in the effluent. On the other hand there was a close 
correspondence between the number of salmonellas in the raw sewage and in 
the final effluent from the trickling filter process (Fig. 23), The amount 
of salmonellas removed was not however related to the solids removal in the 
trickling filter. This suggests a bacterial-solids association in the 
trickling filter process which is different from that in the activated sludge 
process. The overall effect of activated sludge even accepting that in 
some areas there may be a summer peak of salmonellas, will be to damp and
reduce the levels of the pathogen in the final effluent throughout the year
and this the trickling filter cannot do as efficiently.
Forty-three salmonella serotypes were identified from a total of 1374 
strains isolated during the study. The relatively small number of species 
isolated may be a real indication of the number of types present in the 
environment or may be due to the techniques employed. The latter is more 
likely since, due to circumstances, only one. or two organisms were picked 
from each plate of selective agar for identification. Furthermore, the use 
of a sinole enrichment broth only (Rappaport) will influence the number of 
serotypes isolated - for example, if there were 3 different species present
and all but one grew equally well in the enrichment broth, then the most
numerous serotype obtained after enrichment will be the one which was in
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highest concentration initially. The species which multiplied slowly in the 
broth can only be detected by examining the enriched medium repeatedly. None­
theless, a fairly broad range of salmonella serotypes were identified which 
included both common and exotic species. There was a clear distribution of 
serotypes between the 2 towns; 13 species were detected at Guildford only and 
9 in Uoking only. These variations reflect the serotypes prevailing in the 
2 communities, each with its own population density, ethnic groups and stand­
ards of community health. Most of the rare salmonellas species (S.isanqi.
S. kaapstad, 5. K iambu, S. nchanqa, and S. niqeria) were isolated from the 
Guildford plant only and it may b'e that the marginally higher numbers of the 
common and rare species identified at Guildford is attributable to the presence 
of a University establishment with a heterogeneous (foreign and local) and 
constantly changing student population- of approximately 4000 individuals.
The number of different species isolated from the sewage was far greater than 
the number reported to have caused infection in the human population, S. derby 
for instance, was the third most frequently isolated species in Guildford but 
no human infection by this species was reported during the study. Other than 
reiterating the work"of Moore (1948) which demonstrated that the absence of 
known acute infection in an area was no guarantee that specific salmonella 
serotypes would be absent in the sewage from the area, it is not possible to 
indicate other sources of salmonellas because only sewage samples were examined 
in this study. It is also interesting to note that 3 of the top 4 species 
in Table 21 (S. typhimurium, 5. virchow and 5. bredeney) are common to both 
toiiins. The fact that poultry are known reservoirs for these species may 
account for their widespread distribution. However only s. typhimurium and 
S. virchow had caused human infections in Guildford, Another interesting 
result of the study is the relation in time between human infection and the 
isolation of the causative serotype from the sewage. In a few cases the 
organisms was recovered from the sewage several days prior to notification 
of the infection and also for some weeks following it. This indicates that 
by carrying out an intensive sampling programme, it is possible to detect 
a salmonella carrier in a community by extending the sewage examination into 
the tributary sewers. In fact this method was successfully used to trace 
a paratyphoid carrier in North Males in 1976 (Thomas et al. 1978),
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SECTION IV LABORATORY STUDY
Mechanisms and kinetics of Salmonella removal in activated sludge and
the effects of temperature
In the earlier part of this study, it has been demonstrated that the 
number of pathogenic salmonellas in raw sewage was significantly reduced by 
>  99^ after treatment in the activated sludge process* A significant 
reduction occurred during^primary settlement alone while a further 80-100% 
of the pathogen was removed by biological treatment and secondary sedimentation 
(Yaziz & Lloyd, 1979), Using artificially inoculated sewage containing 
4,5 X 10 typhoid organisms/ml, BEuns & Sierp (1927) observed a 96% reduction 
after 12 h treatment in activated sludge. On the other hand, Steward &
Ghosal (1929) found that after 6 h treatment only 1% of S. typhi remained in 
the activated sludge. Figures of 50% and 86% reduction of typhoid organisms 
in activated sludge have also been reported after 1 h and 5,5 h treatment 
respectively (Pesh & Sauerborn, 1929; Ruchhoft, 1934),
In a study concerning the mechanism for the removal of bacteria in 
activated sludge, some circumstantial evidence was presented to suggest that 
ciliated protozoa might be responsible for the removal of E,coli (Heukelekian 
& Rudolfs, 1929). More recent studies (Curds & Fey, 1969; van Der Drift 
et al. 1977) have demonstrated that the efficient removal of E.coli is
dependent upon the presence of large populations of ciliated protozoa in the 
activated sludge and can be accounted for largely in terms of predation by 
protozoa. It was shown that a secondary mechanism such as the lytic action 
of Bdellovibrio on Gram negative bacteria played only a minor role in the 
elimination of E.coli from waste waters (Westergaard & Kramer, 1978),
Although the activated sludge system has been widely used, temperature 
effects on the process have not received thorough attention. In a completely 
mixed activated sludge system, for example, temperature affects the growth 
kinetics of the bacteria and protozoa, the settling characteristics of the 
sludge, and the oxygen transfer characteristics of the system. The limited 
information presented to date indicates that from the standpoint of total 
effluent quality, it is desirable to operate at elevated temperatures (Collins 
et al. 1978), In similar studies (Keefer, 1962; Sayigh and Malina, 1978), 
it was also shown that in the range 4° to 20°C, temperature variations have 
a minimal, effect on the growth rate of sludge microorganisms. However there 
has been little information in the literature regarding the specific influence 
of temperature on the survival of bacterial pathogens in the aerobic biological 
sewage treatment processes. At the present time, there is no strictly
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comparative information regarding the survival of salmonellas in activated 
sludge systems operated at different temperatures.
The objectives of the research reported herein ere to evaluate the 
potential efficiency of the activated sludge process in removing salmonellas 
and to examine the mechanisms responsible for their removal-. Since the ciliate 
protozoa are reported to play a major role in removing bacteria from the 
liquid to the sludge phase, it was decided to investigate the effect of 
removing their influence by using an anionic detergent, dioctylsodium 
sulphosuccinate, (trade name Manoxol-OT) reported by Dr, E.B. Pike (W.R.C. 
Stevenage; personal communication) to destroy them. The first series of 
experiments (1-5) was therefore designed to assess the level of manoxol-OT 
which would eliminate protozoa without-affecting the survival of bacteria.
The second series of experiments (6-8) is an investigation of the survival of 
salmonellas in a laboratory model of the activated sludge process and examines 
the influence of ciliate protozoa and temperature. The final experiment in 
this section of the study is concerned with an examination of the combined 
effects of temperature and nutrient availability on the survival of salmonellas 
in activated sludge
125
MATERIALS AND METHODS
Preparation of sterile mixed liquor supernatant (SMLS)
A litre of activated sludge mixed liquor was blended (MSE homogeniser) 
at full speed for 10 min and left to stand on the bench till approximately 
900 ml of supernatant could be decanted into a separate container. The pH 
was examined (7.0 ^  pH ^  7.3) and altered if necessary using INHCI and 
INNaOH. The liquid was then successively filtered through a Whatman Grade 
4 filter paper, a Whatman^glass fibre filter (GP/c), and finally through a 
0.45 u Millipore filter (Oxoid) and stored at 4°C. The sterility was period­
ically checked by spread plating 0.2ml on nutrient agar (Oxoid CM3) and 
incubated at 25°C for 24-48 h, - If growth was indicated, the liquid was 
discarded and a fresh batch made up.
Manoxol-OT stock solution
A 10 mg/ml stoc-k solution of the anionic detergent was prepared by 
boiling 1,0 g of Manoxol (BDH Chemicals Ltd., Poole, Dorset) in 100 ml of 
deionised distilled water. Upon cooling, the cloudy solution clears and 
the pH was then corrected to 7.0 using INHCI and iNNaOH. It was stored at 
room temperature and diluted if necessary in dionised distilled water before 
use.
Bacterial cultures
The species of bacteria used in the experiments include the following: 
Escherichia coli 3D97 (Univ.Surrey Culture Collection (USCC)).
Bacillus subtilus 1414 (USCC).
Micrococcus luteus HA2Q (isolated from human skin, Univ. Surrey).
Pseudomonas aeruginosa 801 (USCC).
Salmonella bredeney W282 (isolated from sewage, Woking sewage works (WSW)).
S. paratyphi W149 (WSW).
S. enteritidis W134 (WSW)
S. tphimurium 612 (isolated from sewage, Guildford sewage works).
All cultures were maintained on moist nutrient agar slopes at 4°C. Prior
to day of use, the organism was subcultured on nutrient agar and incubated 
for 18-24 h at 37°C. The growth was used to make a suspension in sterileI ^Ringers solution (Oxoid BR52) at the desired Optical Density (O.Ogg^nm),
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Experiment 1 A comparison of the survival of 5. typhimurium in filter 
sterilized and autoclaved mixed liquor supernatant.
The aim of this experiment was to select a mixed liquor which has a 
minimal effect on the survival of salmonellas during the period of treatment 
with manoxol.
Method
One hundred-ml each df a filter—sterilized mixed liquor supernatant 
(FS-MLS) and an autoclaved mixed liquor supernatant (â-MLS) in sterile 250 ml 
flasks was incubated at 25°C in a water bath. The A-ML5 was sterilized by 
autoclaving the MLS (after it had been filtered through a GP/c filter) at 
15 p.s.i, for 20 min. The PS-MLS was prepared as described earlier. At 
zero time, 1 ml of a suspension of S. typhimurium in Ringers solution 
(O.Dg^Q = 0.045) was added to each flask and mixed well. A 1 ml sample was 
withdrawn from each flask at 2—h intervals, serially diluted in sterile 
Ringers solution and-G.1 ml each of the last 3 dilutions were spread (in 
duplicate) onto plates of nutrient agar. The number of colonies obtained 
was determined after 18-24 h incubation at 37°C.
Results
An immediate and noticeable effect of autoclaving MLS is the change in 
clarity. In contrast to the clear and faintly yellowish PS-MLS the 
autoclaved sample appeared turbid and contained a fine white precipitate 
which dissolved in 0.5 M HCl In addition there was also a pronounced 
increase in pH from 7.30 to 8.10 after sterilization (Table 21a).
Table 21 (a) Effect of autoclaving^mixed liquor supernatant (MLS)
Before autoclaving After autoclaving
pH 7.30 8.10
Physical clear, slightly Turbid with a
characteristics yellowish liquid white precipitate
* Autoclaved at 121°C (15 p.s.i.) for 20 min.
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Table 21 (b) Survival of S« .typhimurium in FS-ML5 and A-MLS
Time
(h)
r
FS-MLS
Number of salmonellas per ml* 
 ___________A____________ _
Log10 A-MLS Log.lO
0 2.4 X 10^ 5.3B01 2.7 X 10= 5.4313
2 2.1 X 10^ 5.3221 2.0 X 10^ 5.3010
4 2.5 X 10^ 5.3983 1.6 X 10^ 5.2041
5 2.5 X 10^ 5:3983 ' 8.7 X lof" 4 4.9393
B 2.6 X 10^ 5.4148 8.2 X 10 ^ 4.9136
10 3.0 X 10= 5.4770 7.9 X icf-k 4.8975
* Average of duplicate counts
Fig. 24 shows a slight decrease in viable counts in both flasks after 2 h 
incubation at 25°C. This may be attributed to the removal of the "less 
fit" cells in the inoculum which did not acclimatize to the new environment. 
After 2 h, there was a steady increase in the number of viable salmonellas 
in the FS-MLS. On the other hand the autoclaved supernatant could not 
support cell multiplication and showed a gradual decline in the number of 
viable cells. On the whole there was a 25% increase in cell numbers in 
FS-r.LS while in the A-MLS there was a 70% reduction after 10 h (Table 21 b) 
Therefore only FS-MLS will be used in subsequent experiments.
Experiment 2. Effect of different concentrations of Manoxol on salmonellas 
survival
Method
One-ml of a suspension of S. bredeney in Ringers solution (0.0^^^ = 0,05) 
was inoculated, in triplicate, into 100 ml of FS-MLS in a 250 ml flask. A 
fourth flask was also inoculated and kept for control. F or each set of flasks 
containing the inoculum, different volumes of the manoxol stock solution 
(10 mg/ml manoxol) u'as added at zero time to achieve final detergent concent­
rations, of 1000, 500, and 100 ug/inl. The fourth flask was uninoculated 
and left as control. All flasks were then incubated at 25°C in a water 
bath. The experiment was repeated for S. enteritidis and S,typhimurium.
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A 1 ml sample was withdrawn from each flask at 2-h intervals, serially 
diluted in sterile Ringers solution and 0.1 ml of each of the final 3 
dilutions was spread (in duplicate) onto plates of nutrient agar. The 
plates '-ere then incubated for 18-74 h at 37°C before carrying out a colony 
count,
Results
The survival of S. typhimurium, 5. bredeney and S. enteritidis in 
FS-MLS containing different concentrations of manoxol is shown in Fig, 25,
The experiments were carried out on 3 separate occasions using one serotype 
each time.
In the absence of manoxol, salmonellas are able to remain viable in 
FS-MLS at the temperature examined. In experiments (b) and (c) there was 
a 30.3% and 29.2% increase, respectively, in the numbers of organisms in 
the supernatant after 10 h incubation. However, in (a) the number of 
salmonellas decreased after 10 h (Table 22). This difference may be due to 
the varying response by different species or to differences in nutrient 
availability in the medium. The latter explanation is more likely because 
the supernatant in (b) and (c) was prepared from mixed liquor obtained from 
the aeration tanks near the settled sewage inlet whereas in (a) it was taken 
at the outlet end, furthest from the sewage inlet. This was verified in later 
studies.
Concentrations of manoxol >  500 ug/ml are detrimental to all 3 salmonella 
species examined. At a concentration of 1000 ug/ml there was a 14.7%, 14,2% 
and 40,7% reduction for S, typhimurium, 5. enteritidis and S. bredeney, 
respectively after 4 h incubation at 25°C. At the end of 10 h the percentage 
reductions were 43,6, 43,3 and 29,6% for S, typhimurium, S. bredeney and 
S. enteritidis. With lower manoxol concentrations, the number of organisms 
decreased slowly some species being more susceptible than others. Salmonella 
bredeney was the most affected, with reductions of 15.2% and 33% at manoxol 
concentrations of 100 and 500 ug/ml respectively. The reduction for 
5. typhimurium was relatively lower while S. enteritidis concentrations were 
increased in both instances.
The results demonstrate the occurrence of some serotype variation in 
response,to different concentrations of the surfactant, dioctylsodium 
sulphosuccinate. Salmonella enteritidis appeared to be the least affected 
at the lower manoxol concentrations while higher concentrations ( ^  1000 ug/ml) 
resulted in significant reductions for all the salmonella species examined.
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Experiment 3, Effect of 500 ug/ml Manoxol on the survival of some Gram positive | 
and Gram negative bacteria
Hethod
One-ml suspensions of each of E.coli, B. subtilis, M, luteus and Ps. aeruginosa 
in Ringers solution were inoculated, in duplicate, into 100ml of FS-MLS in 
separate 250-ml flasks. To one of the flasks in each pair was inoculated 
5 ml of the manoxol stock solution (final concentration = 500 ug/ml) and all 
the flasks were then incubated in a water bath at 25°C,
A one-ml sample was withdrawn from each flask at 2—h intervals and 
treated as in Experiment 2 to determine the viable counts over a 9 hour period.
Results
The results in Table 23 show that the overall reduction after 10 h 
incubation was appreciably lower for the Gram negative compared to the Gram 
positive organisms. This may be attributed to differences in the cell wall 
structure of the 2 groups of organisms. The slightly lower reduction for 
B« subtilis compared to M, luteus is possibly due to the ability of the 
Bacillus species to form spores during adverse conditions.
Experiment 4, Minimum Manoxol concentration required to inactivate ciliated 
protozoa in FS-MLS
Method
For this purpose, single ciliate species were cultured in FS-mLS in repli 
dishes and tested against different concentrations of manoxol,
(i) Isolation of protozoa
Single peritrich protozoa or the colonial forms were isolated from a 
sample of freshly aerated mixed liquor by suction using a microcapillary 
glass tube modified from a pasteur pipette. Four to five organisms of each 
SDBcies were cultured at 10°C in 3,0 ml of FS-MLS in each compartment of a 
repli dish and a total of 5 replicates \.ias set up for each species. During 
the 1-2 days of their maintenance, the protozoa were fed with 0,5 ml of a 
mixed suspension (0,0^^^ = 1.00) of bacteria which was prepared by inoculating - 
1 ml of unfiltered mixed liquor supernatant into 10 ml of 0,05^ nutrient broth 
and incubated at 20°C for up to 30 h.
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(?) Effect of Manoxol
One-ml of a diluted stock solution of manoxol was added to each of 
the compartments in the repli dish so that final manoxol concentrations of 
10-50 ug/ml in 10 ug/ml steps was added for each species. The mixture was 
gently mixed and left for 10 min. Samples from each compartment were 
examined under the microscope (x 450) for intact organisms, ciliary 
movements and stalk contractions.
Results
Table 24 shows the minimum concentration of manoxol required to inact­
ivate ciliated protozoa in filter^sterilised mixed liquor supernatant 
incubated at 10°C, The inactivation concentration was taken as that in 
which all of the ciliate protozoa present lost ciliary movement and became 
rounded and usually detached from their stalks. In this state the protozoa 
may still be viable but cease their ciliary movements and feeding activities.
Table 24 Minimum concentration of manoxol needed to inactivate ciliated 
protozoa in FS-MLS alone.
Species Minimum inactivation concentration of manoxol 
(ug/ml)
Vdrticella convallaria Linnaeus, 1758 25.0
Vorticella campanula Ehrenberg, 1831 25.0
Vorticella alba Fromentel, 1874 25.0
Carchesium polypinum Linnaeus, 1758 30.0
Vaqinicola striata Fromentel, 1874 50.0
Opercularia coarctata Claparede, 1858 25,0
Stentor roeseli Ehrenberg, 1835 50,0
Fig. 26 shows the conversion of some ciliate protozoa to the inactivated 
forms following treatment _ith manoxol. The following is a minute by 
minute account of the morphological changes occurring when a colony of 
C. polypinum was treated with 50 ug/ml manoxol. The events described 
I ere observed under 450 X maonification.
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Peristome
■bunch of 
cilia
detached 
cell body-cell body
myoneme
f— stalk
/— stalk
substratum
de tached 
cell bodies
■zooid
colony
stalks
Inactivation in (a) V. campanula and (b) Carchesium polypinum 
following manoxol treatment
I
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Control
Cell bodies were typically inverted and bell shaped; the cells uiere 
held erect or hung from the stalk; the oeristome fringe bulged out and 
active ciliary movements and frequent stalk contracts were observed.
Experimental (+ 50 ug/ml manoxol)
Time Remarks
1 min Cell bodies still attached to stalks but began to 
assume a spherical form with the peristome constricting 
into a narrow annulus. Ciliary movements still evident, 
Stalk contractions frequent but when it occurred, the 
myoneme just below the cell body took on a spiral twist 
and slowly relaxed without disturbing the cell body.
3—4 min. Stalk contractions ceased. Ciliary movements continued 
on some cells. Out of 33 cell bodies in the colony,
4 (12%) detached. The peristome contracted into a 
narrow annulus while the body assumed a spherical 
shape. No ciliary movement was observed and the cilia 
were all tufted tooether at the top.
6-7 min Twenty-three cell bodies (70%) detached from their 
stalks. The remaining 10 were loosely held to the 
stalks, and the cell bodies were spherical uith a 
constricted peristome. No ciliary movements were 
observed.
9-10 min All cell bodies were detached.
Experiment 5, Minimum Manoxol concentration required to inactivate 
ciliated protozoa in the presence of sludge solids.
This experiment was carried out to investigate the effect of a range of 
activated sludge solids concentration on the concentration of manoxol required 
for the inactivation of ciliate protozoa.
Method
A sample of returned activated sludge (recycled sludge after secondary
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sedimentation; average solids conc. = 6040 mg/l) was diluted in 1:1 steps 
in sterile distilled water to a final dilution of l/lG. Three-ml aliquots 
of each diluted sample were transferred, in 11 replicates, into clean glass 
tubes. To the first 10 tubes uias added 3 ml each of different concentrations 
of manoxol to achieve final concentrations of 50-500 ug/ml in 50 ug/ml 
steps. The contents were mixed and left to stand for 10 min. The tube 
containing no manoxol was used as control;
For examination the contents of each tube was poured into a clean glass 
petri dish and examined under a binocular microscope (x50) for abundance of 
protozoa, ciliary movements and stalk contractions (x 450), The whole 
sample was then filtered through a Whatman GF/c filter circle which had 
previously been dried to constant weight. The sample was dried in an oven 
at 90°C for 12 h and the solids concentration determine by the difference in 
weight,
Results
The data in Table 25 shows the effect of different concentrations of 
manoxol on protozoa in the presence of varying amounts of activated sludge 
solids. The effective concentration was taken as that in which >  90% of 
the ciliated protozoa in the sample were inactivated.
It was observed that the concentration of the surfactant required to 
induce inactivation in ciliated protozoa in activated sludge was increased 
with increasing solids concentration in the sample. They range from 100 to 
500 ug/ml for samples containing 869-6040 mg/l of solids, respectively, A 
plot of the effective manoxol concentration against solids concentration 
indicated a linear relationship between the 2 components (Fig 27), Consider­
ing that the solids concentration in a normal sample of aerated sludge 
from the Guildford plant is approximately 3850 mg/l, then about 350 ug/ml 
manoxol would be needed to inactivate protozoa in the sample (from Fig, 27), 
This represents a 14—fold increase in the amount of surfactant required 
compared to the amount needed for ciliated protozoa growing in pure culture 
in the absence of sludge solids. This indicated that the manoxol had reacted 
i:'ith the solids thereby reducing the effective concentration of the surfactant 
in the liquid phase to react against the protozoa. Hence higher manoxol 
concentrations are needed to induce inactivation in ciliated protozoa in the 
presence of sludge solids than in their absence.
-S■HpH0 W
1.HW"O
ü
>
’•Pu<0
o<u
ëQ)U)
K0)
6
C•Hfti
8
5
6
s(0•H■H■HÜ
IHO
>
Ipœ
0)
g
co
!—{
§CfO6LWO
gX>fC
ü
g
ë8
m0
4JU
mw
LOCN
"SB
OOLO
olO•vf
oo
r-ie
ü 'p olOro1—!0X0ctdS Op O0 ro
c0■kp(dkp Oc LD(D CMuc0u
ooCM
s
oo
oLO
g
3W «3 ^  T) k M •H "P rH C O CDco üO O
139
oo oo oo oo oo oo oo
O o o o O O OO o o o O O r-
1 1 1 1 1 1 4-
o o o o O O Oo o o o o Vû LO1o 4-1 1 1 i 1 •f
4-
o o o o o O Oo o o o op 4" 4“1 1 t 1 t 4- 4-
o o o o o O Oo o o o o
t t4" 4"1 1 1 1 1 4- -i-
o o o o o O Oo o o o LO 4" 4*4- 4- 4-1 1 I 1 4-
o o o LO o O Oo o o 4- 4* 4- 4-■f 4- 4- 4-1 l 1 ■+- 4- ■i- 4-
o o o o O o Oo o 4- 4- 4- 4-+ 4- 4- 4- 4-i 4- t 4- 4- 4- 4-
o o o o O O Oo —^1 4* 4- 4- 4-+ + 4- 4- 4- 4-1 + + 4- 4- 4- 4-
o o LO O O O O
+ 4- 4- •4- 4-+ + + 4- + ■4- 4-+ ■f + 4- + 4*
+ H- + 4- 4- 4- 4-+ + + 4" 4- 4- 4-+ + + 4- 4- 4- 4-
4tO O O O O O OLÛ CM lO CM00 LO L£) LO oro ro lO LD
cI
grü
e
m0<D
£
1
g•H+J
g■H
4-1
■rHcI
A
LO"(r
k
§«a
>(DI
g
fÜg
B
IT)
B«3•Hf-H•iHü
I
to
§
Hün)
Ü
gü
fOpco
nD
g
Pc
f
(0■HP•Hü
>
O(C
to
p(CJü
c*iH
to PCO Pfd P■HP SPA o
XP kfd CDP Pto Pfd0p CDPACDf:u COfdp CDPfd :5
p Gp •rH•HP P
10 GCDco COCD CD•H kA0A cop
P pP 0)CD üU 'üP CDCO p0 fdS >•Hpco CDC fd0 G•H ■rHP
U pfd 0kP CDC P0 fdu E■HX pp cofd CDpco CDeno fdc PGp CD COp Ü pA k GCD CDq A SP CDC fd >CD 0e co ËCD •H> h0 CO kE P fdfD •H
h M pk ü •Hfd fd ü•H kP A P•iH 0U CD(D -G CDCD A P ü> fd G•H Æ G CDP to ■rH COO Ptd-p CO tdfd CDto ü k coCD •r4 P CDp k en pfd CD ■H fdu rC p u•r4 A ■iHco CD Pc rC G*t4 fd p ■H
4-4- 1
140
500"
350 -
300
250 -
200rHe
150 -
50 -
Suspended solids conc. (mg/l)
Fig. 27 Plot of the 10 minute inactivation concentration of manoxol 
for ciliated protozoa aginst activated sludge solids.
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Experiment 6, Investigation of the survival and distribution of
S. enteritidis in the solids and liquid phase of 
activated sludge after inoculation in the mixed liquor.
Results from the field studies (Section III) indicated that salmonella 
removal efficiencies of >  90% were achieved by activated sludge treatment 
including secondary sedimentation. It has been suggested that for the 
coliforms, this is due to predation by ciliated protozoa (Curds and Fey, 1969; 
Curds, 1973), but nonetheless, the results in Table 15 suggests that bacteria 
could also be removed from waste water by adsorption onto the activated 
sludge solids. This experiment was carried out to determine which of these 
2 mechanisms are primarily responsible for the removal of salmonellas from 
waste water during treatment with activated sludge.
Equipment
The equipment used is shown in Fig 28, The aeration vessel consists of 
a cylindrical polypropylene container of 6 litres capacity fitted with a 
removable lid. Filtered air is bubbled through the activated sludge at a 
rate of 120l/h (Orion PoPo II air pump) via 2 flexible tubes and the contents 
of the vessel is stirred to increase aeration efficiency, A condenser with 
a cotton wool plug was fitted to the lid of the vessel to prevent aerosols 
from escaping into the laboratory and also to prevent loss of liquid through 
evaporation. The temperature of the sample was kept constant by maintaining 
the temperature df the water bath at a fixed value using a Grant Circulator 
(Model LC10, Grant Instruments Ltd,, Cambridge), Sampling and inoculation 
was performed through a sampling port cut into the lid and stoppered with a 
rubber bung.
Method
Four litres of activated sludge was aerated in the laboratory vessel 
(Fig, 28) at 15° C and after 1h inoculated with a 5-ml suspension of 
S« enteritidis in Ringers solution (0,Dggg = 1.80), After 15 min equilibration 
at the same temperature and aeration rate, 55—ml amounts were sampled at 2—h 
intervals and treated as follows:
The sample was first partitioned into a 25 and 30 ml portion in clean 
glass tubes; the 30 ml sample was then . spun at 1000 rpm (MSE bench centrifuge) 
for 15 sec and approximately 25-26 ml of supernatant was drawn off with a 
pasteur pipette and serially diluted to 10  ^in sterile Ringers solution. 
Duplicate 0,1 ml volumes of each of the last 3 diltuions were spread onto 
brilliant green agar for incubation at 37°C for 24 h. The solids portion was
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resuspended to 30 ml with sterile distilled water and mixed. Both, this 
sample and the smaller unspun sample were then treated as described below.
Treatment of samples
To a 25 ml sample of activated sludge was added 0.3 ml of the manoxol 
stock solution (final concentration =150 ug/ml; the purpose was to inactivate 
ciliate protozoa without affecting the salmonella inoculum) and homogenised 
for 3 min at medium speed (MSE homogeniser). It was then serially diluted 
to 10  ^in sterile Ringers solution and 0.1 ml of each of the final 3 
dilutions were spread (in duplicate) on brilliant green agar (Oxoid CM329) for 
incubation at 37°C for 24 h. The number of salmonella colonies on each 
plate was then determined from the viable counts.
Results
Examination of the data in Table 26 show a 2-log^Q reduction in the 
concentration of 3. enteritidis in the activated sludge after 10 h aeration. 
After this period removal occurred more slowly; there was only a 0.6 log^g 
reduction over the next 10 h. The Tg^ (tine taken to achieve a 90%, reduction 
of salmonellas in the mixed liquor) at 15°C i-.as approximately 3 h.
Following the addition of S. enteritidis cells to the mixed liquor, 
a rapid decrease in the number of free salmonellas (in the liquid) occurred 
in the first 2h, whereas the total number of the organisms present in mixed 
liouor decreased much more slowly in this period (Fig. 29a), Inspection of 
the rate of removal showed that rapid removal from the liquid phase occurred 
during the first 2 h and again between 4-8 h. The first reduction may be 
attributed to the high concentration of salmonellas and their frequent 
collisions '.;ith the sludge solids leading to adsorption and/or entrapment, 
while the second reduction is probably due to solubilization of the colloidal 
fraction of waste water which releases bacteria to interact with sludge solids 
or to be ingested by ciliate orotozoa. The results indicate that most of 
the salmonellas are removed to the solids in the sludge. There was a rapid 
increase in the number of salmonellas associated with the solids and 'it 
reached a peak in about 6 h. Thereafter, the decline in the number of 
salmonellas paralleled the total reduction in the mixed liquor which is 
orosunably oue to th" predatory activities of grazing protozoa.
The only anomalous results i-'hich are difficult to explain occur at the 
6 and C h samplings '.'hen the populations in the solid phase exceeded the 
concentrations in the activated sludge. This is theoretically not possible.
o
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The two populations are 1.62 x 10 /ml (activated sludge) and 2.70 x 10 /ml 
(solids) at 6 hours, and 9.2 x 10^/ml in activated sludge and 1.07 x 10^/ml 
in the solids at 8 hours, and both of these pair of counts are within the 
normal error of the plate count. However, a more important point is the 
fact that at all times after the 4 h sampling, the solids and activated 
sludge populations closely parallel each other and increasingly diverge 
from the liquid phase. This supports the hypothesis that removal occurs 
through attachment and predation. Furthermore the fact that the activated 
sludge population and solids population continue to decline clearly 
demonstrates that destruction of salmonellas by predation is occurring; 
otherwise the solids phase population would continue to rise as indicated 
by the transfer model shown below. The role of protozoa suggested by 
these results will be confirmed in the next experiment.
Solids phase
cdI—I r-4
ar-4CÜCO
Liquid phase
Time (h)
Fig 29h Hypothetical transfer model for removal of salmonellas 
in the absence of destruction by predation.
147
Experiment 7. Role of ciliated protozoa in the destruction of
■salmonellas during activated sludge treatment
In the previous experiment it was shown that during the removal of 
salmonellas from waste water by activated sludge treatment, the pathogens 
were rapidly transferred to the solids phase by adsorption onto the activated 
sludge solids. It was proposed that further reduction in the solids 
populations occurred as a result of predation by ciliate protozoa. The aim 
of the experiment described below was to confirm this proposal by examining 
the part played by ciliate protozoa in the removal of an inoculum of 
S. enteritidis in activated sludge. The survival of the pathogen in ordinary 
activated sludge will be compared with that in which the ciliate protozoa 
populations had been inactivated using manoxol.
Method
Two 3-litre samples of activated sludge were obtained from the sewage 
works at Guildford and aerated in separate experimental and control laboratory 
vessels (Fig. 28) at a constant temperature of 20°C (~ 0,5°), At zero time, 
a 5-ml suspension of 5, enteritidis in Ringers solution (0,0^^^ = 1,70) was 
inoculated into each activated sludge sample and allowed to equilibrate for 
15 minutes. Then 25 ml samples were withdrawn from each vessel (with the 
aid of a bulb pipette which was sterilised in boiling water in between 
samplings) at 2 h intervals for up to 24 h, and examined for salmonellas as 
described in the ’Treatment of samples’ in experiment 5, In the experimental 
vessel, 10 ml of a manoxol stock solution containing 10^ ug/ml manoxol was 
added to the activated sludge immediately after the third sampling (4 h) to 
inactivate ciliate protozoa. Regular sampling was then resumed as for the 
control experiment.
Results
Figure 30 shows the effect of "killing " ciliated protozoa on the 
survival of S. enteritidis during activated sludge treatment. In the presence 
of ciliated protozoa the concentration of salmonellas in the mixed liquor 
decreased rapidly in the first 10 h and then slowly, such that only 0,1^ 
of the pathogen remained after 24 h aeration at 20°C, However, ifhen manoxol 
was added after 4 h aeration, the continuation in reduction of salmonellas
in the mixed liquor was stopped; instead there occurred a gradual increase5in pathogen concentration which reached 3.2 x 10 organisms/ml over the 
next 20 h (Table 27), Several microscopic examinations of the mixed liquor
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after the addition of manoxol revealed that all of the peritrich ciliate 
protozoa had been inactivated.
These results demonstrate that the cillâtes are primarily responsible 
for the destruction of pathogenic salmonellas in activated sludge. The slight 
increase in salmonella concentration in the mixed liquor after addition of 
manoxol could be the result of a dispersion of the bacteria caused by the 
anionic surfactant or the result of multiplication of the pathogen in the 
presence of nutrients released through the action of the detergent.
Nonetheless, it cannot be excluded that other secondary mechanisms for 
the. destruction of salmonellas in activated sludge are operable. The 
survival of* the bacteria in sterile mixed liquor supernatant clearly show 
that the waste water itself plays no role, but lytic microorganisms present 
in the sludge floes may contribute to the removal of bacteria (Curds and 
Fey, 1969; Westergaard and Kramer, 1978),
Experiment 8 The effect of temperature on the rate of salmonellas
removal in activated sludge
Although there are many reports in the literature (Viraraghavan, 1977; 
Collins et al. 1973; Sayigh and Malina, 1978; Du Preez, 1978) confirming 
the beneficial effects of increased temperature (in the range 10°-30°C) on 
the chemical quality of the final effluent from a waste water treatment system 
there is a lack of comparable data concerning the specific influence of 
temperature on the removal of bacterial pathogens during waste water treatment. 
The limited information available indicates that bacterial removal efficiencies 
are generally higher in warm tropical climates (water temperatures, 23-27°C) 
than in the temperate regions (Mara et al. 1979), however it is difficult 
to make a meaningful comparison of the data since the treatment processes 
used in the tropical regions (mainly lagoon systems) differ markedly from 
those used in the temperate climates (conventional systems including activated 
sludge or trickling filter). The aim of the experiment described below 
was to examine the specific influence of temperature on the survival of 
salmonellas in an activated sludge process and to determine the optim-um 
operating temperature which would result in maximum pathogen removal in the 
shortest hydraulic retention time possible.
[lethod
This series of experiments was carried out in the same way as in 
Experiment 7 but with the following important changes;
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(1) no manoxol was added at any stage,
(2) the temperature of the sample was altered on different occasions viz,
5°C, 10°C, 15°C, 20°C, 25°C and 30°C.
(3) 4 litres of activated sludge was used each time.
The number of salmonellas in each sample was determined in the same 
way as in Experiment 6,
Results
Inspection of Fig, 31 shows that increasingly larger amounts of 
salmonellas were removed from the sludge during the first 10 h of aeration 
when the temperature was increased from 5° to 25°C, For example at 10°C, 
there was a 1,9 log^g reduction in the number of salmonellas in the mixed 
liquor while maximum removal efficiency was achieved at 25°C when a 2,9 log^g 
reduction occurred in the first 10 h. However, at 3D°C the number of 
salmonellas removed was very much lower than at 25°C and was comparable to 
the reduction at 5°C (1,3 log^g and 1,5 log^g reductions in the number of 
salmonellas at 30° and 5°C respectively). These observation may be explained 
as follows;
It is known that the maximum temperature tolerance for many peritrich 
protozoa in activated sludge is between 23°—25°C (Table 29), Thus when the 
temperature is increased to 30°C, most of the Peritrichia would be damaged 
by the heat and cease their feeding activities. This accounts for the better 
survival of the pathogens at 30°C than at 25°C, The reduction in salmonellas 
concentration at 30°C may be attributed to competition for a rapidly 
diminishing nutrient concentration as a result of the increased bacterial 
metabolic rate at the higher temperature. In contrast at the lower temper­
atures (5°—25°C) the protozoa may feed actively on the salmonellas present 
in the mixed liquor, thus contributing to their destruction.
The Tgg is defined as the time taken to achieve a 90% reduction in the 
number of salmonellas in the mixed liquor at any given temperature, A plot 
of the Tgg values (Table 30) against temperature clearly show the advantage 
of aerating activated sludge at 20°-25°C (Fig, 32). Salmonella removals 
of ^  90^ may be achieved within relatively short hydraulic retention times 
in the temperature range 15°—25°C but clearly, the optimum working temperatuie 
is at 25°C, During the field study (Section III) it was noted that the 
temperature of the activated sludge at the Guildford works ranged from 7°C 
in winter (snow on ground) to a mean of 15,5°C in summer. Thus in U,K, 
the activated sludge process is normally operating well below the optimum 
temperature range for bacterial pathogen removal throughout the year.
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♦Table 29 Temperature tolerance of several species of Peritrich protozoa
Organism - Extreme temperature tolerances (°C)
V. microstoma 0 30
V . campanula 0 - 23
V. convallaria 2 - 23
V. nebulifera (similis) 4 - 20
V. striata (octava) 2 - 23
Carchesium polypinum 0 - 25
Epistylis plicatilis 4 - 25
Opercularia nutans 2 - 25
+ Data compiled from "Ciliated Protozoa" Ed. Hartmut Bick. W.H.O. 1972
* Uncommon in efficiently operating plants (Curds and Cockburn, 1970).
*Table 30 T^^ for salmonellas in activated sludge at different temperatures
Temperature Initial concentration T^^
°C (no. of salmonellas/ml) (h)
5 4.50 X 10^ 4.40
10 4.72 X 1 0 ^ 3.05
15 4.30 X 10^ 2.80
20 5.32 X 10^ 2 . 2 0
25 4.30 X 10^ 2.00
30 5.40 X 10& 6.55
Tgg = time taken (h) to achieve a 90% reduction of salmonellas in
activated sludge at a given temperature,
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Experiment 9 Effect of temperature and nutrient concentration on the
survival of salmonellas in filter-sterilised mixed 
liouor supernatant (FS-MLS)
Tn the absence of predation and antagonism, the survival of bacteria in 
an activated sludge system will be influenced by a number of environmental 
factors such as temperature, nutrient availability and the presence of toxic 
chemicals, Fiore than often the effects on the organism will depend upon the 
interrelations between these factors which cannot be considered separately. 
It was therefore proposed to examine the combined effects of temperature and 
nutrient availability on the survival of salmonelas in FS—MLS,
Method
For this purpose 1 ml of a suspension of S. enteritidis in Ringers 
solution (o .DggQ - 0,60) was inoculated into each of 6 flasks containing 
100 ml of FS-MLS, To 3 of the flasks was then added 0,25 ml of 20^ nutrient 
broth (Oxoid CM67), They were then incubated in pairs (FS-MLS only +
FS—MLS plus nutrient broth) at one of the following temperature; 10°C, 20°C, 
and 25°C,
A 1-ml sample was withdrawn at 3 h intervals and serially diluted to 
10"^ in sterile Ringers solution. Duplicate 0,1 ml volumes of the final 3 
dilutions was spread onto nutrient agar and the number of salmonella colonies 
determined after 10-24 h incubation at 37°C,
Note For this experiment the FS-MLS was prepared using activated sludge 
mixed liquor taken near the outlet end of the aeration tanks at the Guildford 
plant. This was to ensure that the supernatant would contain the least amount 
of nutrients available from the settled sewage influent.
Results
The results in Table 31 show that in the absence of added nutrients the 
decrease in number of viable organisms in the supernatant was lower at 25°C 
than at 20° or 10°C, When nutrient broth was added at a final concentration 
cf 0.05% no growth occurred at 10°C but there was 29,5% and 93,3% increase 
in cell numbers after 9 h incubation at 20°C and 25°C respectively (Fig. 33). 
These observations indicate that both nutrient availability and temperature 
conditions control the survival of salmonellas in FS-MLS. Below 10°C, 
temperature appear to be the limiting factor since there was no growth even 
in the flask containing nutrient broth. At 20°c nutrient availability seems
157
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to be the limiting factor since no growth was observed in FS-MLS only but 
growth occurred in FS-MLS + nutrient broth* This phenomenon also occurred 
at 25°C.
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DISCUSSION
The minimum concentration of manoxol required to "kill" all of the ciliated 
protozoa growing in FS-MLS (25 ug/ml) was considerably lower than that 
necessary to remove the ciliated protozoa in the presence of activated sludge 
solids (300-400 ug/ml). It was evident that manoxol interacted with the 
particulate material in the sludge; so enough manoxol must be added to the 
mixed liquor to saturate the particulate material, and to provide sufficient 
manoxol free in the supernatant to react with the protozoa present. The 
amount of manoxol needed to provide these conditions was proportional to 
the solids concentration in the mixed liquor (confirming the findings of 
Orpin, 1977), The growth and survival of 5. enteritidis was not markedly 
affected by the manoxol at the low concentrations necessary to inactivate 
ciliated protozoa in activated sludge. The decrease in number of S. enteritidis 
cells in the supernatant plus manoxol closely paralleled the reduction in 
FS-MLS alone but at higher manoxol concentrations (500-1000 ug/ml) there was 
an appreciable reduction in the number of salmonella organisms compared to 
the controls. These results demonstrated the selectiveness of manoxol in 
removing ciliated protozoa over specific bacterial species in activated 
sludge mixed liquor.
Data from the field study (Section III) showed that the number of 
salmonellas in the settled sewage was reduced 90 to 99^ after treatment 
with activated sludge including secondary sedimentation. This reduction was 
confirmed in the laboratory study which demonstrated that it was achieved 
by adsorption of the bacteria to the sludge floes, or by their destruction 
in activated sludge, or a combination of both. Clearly if removal were to 
occur by adsorption alone, this would mean that bacterial pathogens will be 
transferred from the liquid phase and concentrated in the sedimented sludge 
and may pose a possible hazard for public health if these sludges were to 
be utilised on agricultural land. The results of this study demonstrated 
that the removal of salmonellas during activated sludge treatment occurs in 
two stages. Firstly, after their addition to the mixed liquor the salmonellas 
are rapidly removed from the supernatant fluid to the sludge solids - this 
was evident from the increase in number of salmonellas detected in the 
solids fraction after centrifugation. Most of the salmonellas were transfer­
red to the solids within 5 h of aeration, however they could still be detected 
in the supernatant fluid up to 24 h after the inoculation into the mixed 
liquor. This may be attributed to release of cells from the sludge floes 
as a result of the degradation of colloids trapped within the solids in the 
L'laste. i.'ater. After the rapid removal, a second stage, slower reduction in 
the solids phase occurred that paralleled the total reduction in the mixed
161
liquor. This second stage appears to be the principle mechanism for the 
destruction of salmonellas in activated sludge and results from the predatory 
activities of ciliated protozoa.
Addition of S. enteritidis cells to normal aerated activated sludge 
resulted in rapid removal of the bacteria from the mixed liquor. Hou'ever, 
if after 4 h aeration manoxol was added to remove ciliated protozoa, the 
reduction trend was abolished and the salmonella counts increased slightly 
during 20 h period. Microscopic examination showed that the sludge contained 
almost no intact ciliates but only flagellated protozoa. Therefore the 
survival of the pathogen in the presence of manoxol can be attributed to the 
absence of predation by ciliated protozoa. This is in agreement with the 
findings of'Curds and Fey (1969) who demonstrated that protozoa drastically 
reduced the survival time of F.coli in activated sludge and concluded that 
ciliates were primarily responsible, [zinger and Cooper (1976, vide van der 
Orift et al, 1977) also showed that the removal of C.coli from estuarine 
water was dependent on the presence of protozoan predators. In a study on 
the removal of C.coli by activated sludge, van der Drift et al, (1977) 
demonstrated the appearance of fluorescent food vacuoles in ciliates when 
fluorescent C.coli cells were added to mixed liquor,
Much of the research relating to the effect of temperature on the 
activated sludge process has been restricted to the effects on the chemical 
quality of the final effluent. There have been feu' reports in the literature 
concerning the effect of temperature on the survival of bacterial pathogens 
in activated sludge, Ruchhoft (1934) reported an 85f (0,81 log^^) 
reduction in the number of S, typhi in diluted activated sludge after 5,5 h 
storage at 22°C, However, in the same period there was a greater reduction 
from the supernatant fluid (99.2^ or 2,1 log^^ reduction). In another study, 
van der Drift et al, (1977) indicated roughly a 2.4 log^^ reduction in the
number of C, coli organisms after 10 h aeration in the mixed liquor at 17°C, 
This is in close agreement with the results obtained in this study for the 
removal of salmonellas (2,1 log^^ reduction in number of salmonellas after 
10 h aeration at 15°c), Raising the temperature of the mixed liquor up to 
the maximum temperature tolerance limit for ciliated protozoa (23°-25*^c) 
resulted in faster pathogen removals, but at higher temperatures (^30°C) ' 
the reduction in pathogen concentration is most likely due to nutrient 
starvation since the ciliates are killed at this temperature. It has been 
shou'n that both temperature and nutrient availability can affect the growth 
of salmonellas in mixed liquor alone, but in all probability the survival of 
the pathogen in activated sludge will depend on the interrelationships between 
these factors and the occurrence of predatory organisms which are able to feed 
on the salmonellas.
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SECTION V: LABORATORY STUDY
The fate of salmonellas during anaerobic sludge digestion
"Farmers living near sewage works can slash their fertilizer bills by 
using more sludge".
These are the words which appeared in the March 1978 edition of the Farmers 
Weekly where readers were offered guidance on the types of sludge available 
and appropriate application rates. The value of wastewater sludge as a 
fertilizer and soil conditioner has made land disposal an attractive alternative 
to other methods of sludge disposal. Nevertheless, if sludges are to enter 
the ecosystem via land application, it is desirable to attempt to asses the 
health hazards associated with the practice. Results from the earlier part 
of this study have shown that large numbers of potentially infective salmone­
llas are removed from the liquid to the solids portion of raw sewage during 
primary sedimentation. In addition, biological treatment especially by the 
activated sludge process further reduces the concentration of salmonellas in 
the final effluent. When these pathogens are removed from the effluents, they 
are concentrated and incorporated into the mixed-liquor suspended solids. 
Although the majority are eliminated by thepredatory activities of ciliated 
protozoa in the mixed-liquor, appreciable numbers of the pathogen survive 
and can be detected in the recycled and waste activated sludge. The question 
therefore remains as to how effective the sludge treatment processes such as 
anaerobic digestion are in reducing the concentration of salmonellas in sewage 
sludge.
At medium and larger sized works, sludge is theoretically digested for 
several weeks but in practice it may be only 5-6 days under anaerobic conditions 
at 30°-35°C or rarely at about 50°C, This not only reduces the bulk of the 
sludge but also improves its handling and aesthetic properties. Studies 
reported by Ruchhoft (1934) showed that the concentration of S. typhi was 
reduced 100% after 2—14 days storage of sludge at 20°-22°C, However, at 
10°—15°C he could still isolate typhoid bacteria from the sludge after 83 days. 
Mom & Schaeffer (1940) demonstrated that typhoid organisms could still survive 
in the digested sludge from an Imhoff tank for up to 3 months at 23°C,
Similarly, Stokes et al., (1945) found that the concentration of S. paratyphi 8 
was steadily reduced over a 45-day period of anaerobic digestion. In another 
study using bench scale anaerobic digesters, McKinney et al,, (1958) inoculated 
S, typhi Into digested sludge and showed that pathogen concentrations were 
reduced to a greater degree by 20 days of anaerobic digestion, than by 6 days 
of such treatment. Also, batch digestion efficiencies were generally 2-fold 
greater than those of daily fed digesters.
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Although some degree of destruction of the pathogens has been demonstrated 
in these studies, it is difficult to make a meaningful evaluation of the 
effectiveness of the anaerobic digestion process because of differences in 
the experimental conditions used by different workers. One weakness of all 
these studies was that they provided little or no information on important 
digester operating parameters, such as pH, temperature, alkalinity, gas 
production, or volatile acids. Such data are essential to the evaluation 
of digester performance, which in turn might influence the bactericidal effect­
iveness of the process. This problem was exemplified by the results of 
several studies, for example, Hess & Breer (1975) detected salmonella 
concentrations of up to 10^ organisms/l in 81,9% of 219 digested sludge samples 
obtained from 44 full scale sewage works in Switzerland, Similarly, Cooke 
et al, (1978) found salmonella densities of 10^-10^ organisms/ 100ml of 
digested sludge samples from 3 works in Tennessee, U.S.A.
In view of the findings cited above, it was proposed to examine the 
survival of salmonellas in a laboratory scale batch reactor process operated 
under different conditions before studying the efficacy of an intermittently 
fed digester in eliminating pathogenic salmonellas from sewage sludge. 
Operational parameters such as temperature, pH, gas production and volatile 
acids will be measured to assess digester performance and to determine which 
factors control pathogen removal.
Rationale of Experiments
The initial experiments were carried out to investigate (a) the survival 
of salmonellas in batch reactors containing varying proportions of raw and 
digested sludge and (b) the effect of mixing the digester contents on pathogen 
removal. This was followed by a series of experiments designed to study the 
changes in rate of salmonellas* destruction in batch reactors and to determine 
the nature of the bactericidal agent in raw sludge. Finally the removal of 
the pathogens in the batch reactors was compared with their removal in an 
intermittently fed digester operated at a solids retention time of 25 days.
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MATERIALS AND METHODS
Sludge
(1) Raw sludge
Primary domestic sewage sludge was obtained from a sludge holding tank 
which fed material into the anaerobic digesters in the Woking sewage works.
It was collected in 10-20 litre quantities (to ensure a uniform substrate 
concentration throughout the study), sieved through a inch wire mesh to 
remove large solids and stored at 3-4°C in tightly capped bottles for use 
as feed material. However, due to the length of the study and the limited 
refrigerator capacity more than one batch of sludge had to be collected and 
preserved. Prior to use, the cold feed sludge was warmed to the operating 
temperature of the digester to prevent cold shock,
(2) Digested sludge
Digested sludge was obtained from a sampling tap in one of the anaerobic 
digesters at the Woking works. It was collected in 10 1 quantities in clean 
glass bottles and stored at 3-4°C for use.
Bacteria culture
S, enteritidis W134 (WSW) was maintained on moist nutrient agar slopes 
at 4°C* For use, a loopful of the culture was streaked on nutrient agar and 
incubated for 18-24 h at 37°C, The growth was emulsified in Ringers solution 
and diluted to the desired optical density (650 nm) for use as inoculum.
Digesters
(1) One litre capacity batch digesters
Duran laboratory bottles were used as small scale digesters placed in a 
water bath and kept at 35-36°C, Mixing in the digesters was accomplished by 
means of magnetic stirrers (Fig, 34), Each digester was tightly stoppered 
with a rubber bung which carried a Quickfit adapter fitted with a ground glass 
stopper and a side-arm. Sludge samples were withdrawn from the digester with 
the aid of a 25-ml bulb pipette, whose capillary tip was removed to facilitate 
sludge withdrawal. The sampling operation usually lasted less than 1 minute 
to minimize aerating the digester contents. Gas formed during the anaerobic 
digestion process passed through connecting tubes into a reservoir of acidified
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distilled water (5^ sulphuric acid). The volume of gas produced was measured 
daily by the amount of acid—water displaced from the reservoir,
(2) Intermittently-fed anaerobic digester (20 litre capacity)
The unit was constructed of a cylindrical 20 litre glass fermenter 
vessel (biotec, LKB Instruments Ltd., South Croydon, Surrey) which was 
modified to carry a tap at the base for sample withdrawal and a 4 cm diameter 
sludge feed tube (glass) ("sludge guiper". University of Surrey) which extended 
almost to the bottom of the digester. The feed tube was also used for purging 
the digester with nitrogen gas in order to remove air (Fig, 35), The 
digester contents were heated to 35°C using an electric heating element 
connected to a temperature control unit (BIOTEC—LP 100—5) and checked regularly 
by a thermometer placed inside the digester. Mixing was achieved by means 
of an impeller built into the vessel; a stepless drive unit (BI0TEC-*LP 100-1) 
regulated the stirrer speed and was connected to the impeller system by means 
of a flexible drive shaft through a magnetic coupling. The drive unit 
incorporated an electric motor with electronic speed control and a tachometer 
for speed indication. Gas produced escaped via an outlet on the top of the 
digester connected to an acid-water reservoir (20 litre). The volume of gas 
was measured by displacement of the acid water. The complete apparatus is 
shown in Plate 5,
Start-Up of anaerobic digestion
The digester was started by filling the vessel with 10 litres of actively- 
digesting sewage sludge from the Woking works. It was purged of oxygen with 
nitrogen gae after the sludge had been put in. The temperature was maintained 
at 35°C and the contents stirred at 250 r,p,m.
On the second day, well mixed primary sewage sludge was fed to the digester 
in the amount appropriate for the detention time of the unit. This was 
continued over at least 3 days or until the amount of gas produced was constant. 
Once steady—state operation was achieved at a particular hydraulic retention 
time, pH, gas production and volatile acids concentration were measured over 
a period of at least 3 days.
Sludge feed and withdrawal
Feeding was carried out on a daily basis using 400 ml of primary sewage 
sludge. The same volume of digesting sludge was taken out to maintain a 
theoretical hydraulic retention time of 25 days, (The concept of a theoretical
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Screw cap
Magnetic coupling
To Drive Unit 
LP100-1Plunger^^^^
Ground glass 
stopper-^
r? To temperature 
 ^ control unit 
LP 100-5Rubber ring'
Feed reservoir- 
arm
-Gas outlet
•Rubber gasket
20 litre _ 
glass vessel ■Steel shaft
.Temperature regulating 
heater
Rubber ring -Mixer/Impeller
Temperature probe
Sampling tap
Fig. 35 A diagramatic longitudinal section of the intermittently-fed 
anaerobic digester (not drawn to scale)^
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Plate 5 The intermittently fed anaerobic digester 
together with the stirrer and temperature 
regulating units including gas collection 
system
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retention time is used because unlike the ideal plug flow reactor in which 
all the particles have the same residence time, equal to the mean residence 
time t, in the completely mixed reactor some of the material will have reacted 
for considerable longer and some for considerably shorter periods than t). 
Digester sludge was always taken out before fresh material was put in. The 
following procedure was adopted.
The gas connection to the acid-water reservoir was turned off and 400 ml of 
digesting sludge withdrawn via the sampling tap at the base of the digester. 
Care was taken to ensure that no air entered through the tap during sampling. 
Prior to feeding, the plunger was drawn up till the tip just reached the 
reservoir arm in the feed tube (Fig 35), In this position the digester 
contents were still sealed from the outer atmosphere by the rubber rings at 
the end of the plunger. Four-hundred ml of raw sewage sludge was poured 
into the feed reservoir and stoppered, and the plunger then drawn up to 
allow the fresh sludge to run into the digester. It was then pushed down 
and secured by the screw—cap on top of the "sludge guiper". This procedure 
minimized the amount of air entering the digester. Gas collection was resumed 
after 10 minutes equilibration of the feed in the digester. The volume of 
gas formed, determined by the volume of acid water displaced, was measured 
at 1100 h daily during the experiment.
Treatment of salmples
In addition to measurements of gas production, several other parameters 
were measured to evaluate digester performance. These included determinations 
of the pH, solids content, and the volatile acids concentration of the 
sludge. Each raw or digested sludge sample was also examined for salmonellas,
pH determination
Since liquid sludge may rapidly change composition through biological 
activities, its pH value was determined immediately after sampling.
An E.I.L, (Model 38B) temperature compensated pH meter fitted with a 
glass and a calomel electrode was used. The electrodes were immersed in 
20-50 ml of the sample in a clean glass beaker and left for 3—4 minutes to 
stabilize and the pH value read to - 0,05 pH unit. In between measurements, 
the electrodes were rinsed in distilled water and sterilized using a 5% 
hypochlorite solution. The meter was recalibrated using standard buffer 
solutions after every third reading.
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Solids content
The percentage of total solids in fresh and digested sludge was measured 
by weighing a sample of well mixed sludge in a watch glass and drying it at 
100°C for 24h, The total solid content was then calculated using the following 
equation:
% of T.S, =  ^  ^ X 100
A
Where T.S, ^ total solid {% of wet sample)
A = weight of sample before drying (g)
B = weight of sample after 24h drying time (g)
Volatile acids concentration
The volatile acids - that is, fatty acids with chain lengths of 6 or
less carbon atoms - were measured using gas/liquid chromatography (GLC),
The apparatus consisted of a Perkin-Elmer F11 gas/liquid chromatograph fitted 
with a flame ionization detecter and a chart recorder. Bottled Hydrogen gas 
was supplied to the ionization detector through a pressure regulator and 
flow restrictor at 15 ml/min. Air was also supplied to the detector at a 
rate of approximately 40 ml/min. The column employed in this system consisted 
of a 2m X 3-4 mm ID coiled glass tube packed with Free Fatty Acid Phase (FFAP) 
on Chromasorb G (AW.DCMS) on 80-100 mesh. The column was operated at 135°C 
with an inert carrier gas (Nitrogen) flow rate of 40ml/min,
The analytical procedure was carried out according to the method of 
Banfield et al, (1978), Ten ml of sludge was centrifuged (5000 rpra; 1h) and 
the supernatant liquor removed for analysis, 1,0 ml of formic acid ( >  99% 
pure) was immediately added to every 10 ml of supernatant and mixed, prior 
to examination of the sample, the column was standardized with 1 ul of a 
standard containing 500 mg/l each of a mixture of volatile acids to which 
10^ of pure formic acid has been added. This was repeated until the peak 
heights obtained for each acid was nearly identical, 1 ul of the prepared 
sample was then injected and the acids allowed to elute (Fig. 36), The 
concentrations of the acids was then calculated by comparing the peak heights 
obtained with those given by the 500 mg/l standard viz.
* concentration = height of sample - peak height of blank ^
Peak height of standard - peak height of blank
* From Banfield et al, 1978
500
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Enumeration of salmonellas
Each raw or digested sludge sample was examined for salmonellas as 
follows Î To 10ml of the sample in a universal was added 0,5 ml of raanoxol 
solution (containing 10^ ug/ml manoxol) and vigorously shaken for 20 minutes. 
The purpose of adding the detergent was to aid the detachment and dispersion 
of bacteria from the sludge solids in the sample, One-ml aliquots were 
drawn out using sterile pipettes (tips broken off to facilitate withdrawal 
of particulate matter in sludge) and serially diluted to 10*^ in 9-ml volumes 
of sterile Ringers solution. Depending on the experiment and the time of 
sampling, 0,1 ml volumes of the final three or five dilutions were spread 
(in duplicate) onto brilliant green sulphadiazine agar (BGS| brilliant green 
agar (Oxoid CM 329) +120 mg/l sulphadiazine (BOH)) for incubation at 37°C 
for 18-24 h. For detecting low concentrations of salmonellas, 0,5 ml volumes 
of the diluted (to 10 or 10 ) sample were spread onto dry 80S agar and
incubated as mentioned above before carrying out a colony count.
Experiment 1, The survival of salmonellas in mixed sludge containing varying 
proportions of raw and digesting sludge in a batch anaerobic 
digester at 35°C
The apparatus used is shown in Fig 34, Different quantities of raw and 
digesting sludge were placed in six separate digesters and maintained at 35°C,
The contents in each digester was stirred using a magnetic stirrer (Gallenkamp) 
but in the unit containing raw sludge only, mixing was also aided by shaking 
the vessel several times daily; otherwise a more powerful stirrer was used.
The volumes (ml) of raw to digesting sludge placed in the different digesters 
were as follows 100:900; 200:800, 300:700, 500:500, 800:200, and 1000:0
Method
At the start of the experiment, the raw and digested sludge were mixed
in the proportions indicated above in tightly capped, wide-mouth, bottles and
shaken for 1-2 minutes to mix the contents. Since the concentration of the
2 4native salmonella populations in raw sludge is usually 1 0 - 1 0 organisms/ml, 
the sludge sample was inoculated with a suspension of 5, enteritidis to 
provide a high initial concentration of salmonellas so that changes in the 
populations (during anaerobic digestion) can be easily measured using the 
spread plate technique. This was also done in subsequent experiments,
Six-ml of a suspension of S. enteritidis in Ringers solution (O.Dggg = 1,80) 
was inoculated into the mixture in each bottle and thoroughly shaken to 
disperse the inoculum. The seeded sludge mixtures were then transferred into
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separate digesters which had been set up as described above. Twenty-five 
ml samples were withdrawn from each unit daily, for up to 11 days, with the 
aid of a 25-ml bulb pipette which was sterilized in boiling water in between 
samplings. All samples were analysed for pH, total solids and volatile acids 
and salmonellas concentration. The amount of gas produced in each digester 
was measured daily by the volume of acid-water displaced from the reservoir. 
However, the gas collection part of the apparatus was not connected during the 
initial 2—3 h since the "gas" evolved during this period is mainly air being 
displaced from the raw sludge as it warms up.
Results
Inspection of the results in Table 32 indicate that although salmonellas 
destruction occurred in all the digesters the rate at which they were elim­
inated increased when the ratio of raw to digested sludge in the unit was 
increased. However when the concentration of raw sludge was ^80%, there 
was a short lag period (18—24 h) after which the rate of salmonellas removal 
exceeded the values obtained in the other units which contained lower 
proportions of raw sludge (Fig, 37). This effect was most pronounced in the 
digester containing raw sludge only and will be discussed in detail at the 
end of this section, A 100% reduction in the number of salmonellas in the 
raw sludge was achieved in less than 9 days from the start of digestion. 
Similarly, salmonellas were completely removed from the sludge in just over 
10 days when the ratio of raw to digested sludge was 8:2 and as the amount
of raw sludge was reduced further, the removal of the pathogens occurred
more slowly; for example, the decimal log^^- reduction in the number of 
salmonellas after 10 days of anaerobic digestion decreased from 6 to 3,5 when
the ratio of raw to digested sludge in the digester was reduced from S:5 to
1:9.
Addition of increasing quantities of raw sludge to the digesting material 
led to a drop in pH from 7,40 to 5,80 for the raw sludge alone (Table 32),
This extends beyond the lower limits of pH for anaerobic stabilization of 
sewage sludge (6,6 - 7,6; Halderson, 1972 vide Almassi, 1976), When the 
pH was favourable ( >  6 ,6), gas was produced continuously throughout "the 
digestion (unit 2) or gradually decreased till the 6th day when it started 
to rise (units 1 and 4), The latter effect was usually accompanied by a 
slight reduction in pH (unit 4) and improved when the pH value rose above 
6,70, However, the picture is further complicated by the influence of 
volatile acids concentration on gas production, for example Mueller et al. 
(1959) found that concentrations of organic acid above 2000 mg/l as acetic 
acid retarded gas production. This may explain the gradual reduction in gas 
production as the volatile acids concentration increased, and also the rise
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in gas production when the acid levels had dropped (units 1 and 4)» However, 
gas production continued to fall in unit 2 even though the acid levels had 
dropped after the 3rd day. The unfavourable pH in units 5 and 6 may account 
for the low gas production in these digesters. There was also a quicker and 
sharper rise in acids concentrations in unit 5 compared to unit 6 and this 
is fully discussed at the end of this section.
Experiment 2 Effect of mixing on the survival of salmonellas during anaerobic 
digestion
It is generally recognized that the manner and degree of mixing in an 
anaerobic digester can seriously affect the digestion process. Efficient 
mixing improves digester performance by (a) maintaining a uniform temperature 
throughout the tank, (b) seeding the incoming sludge rapidly thereby ensuring 
that all the organisms receive their food requirements, and (c) eliminating 
dead spaces in the tanks. Consequently it may be possible that in the absence 
of mixing, some of the bacteria which are not "normal inhabitants" of the 
digester can avoid destruction by being secluded in the dead spaces in the 
tank. The question of this event occurring for the salmonellas was examined 
in this experiment.
Method
For the above purpose, a set of batch digesters each containing 200 ml 
of raw sludge and 800 ml of digesting sludge was set up as shown in Fig. 34. 
Both units were maintained at 35°C but only one digester was provided with a 
magnetic stirrer for mixing the digester contents while the other was left 
unstirred. At the start of the experiment, both digesters were inoculated 
with 6.5 ml of a suspension of S. enteritidis in Ringers solution (O.O^gQ = 
1.70) and thoroughly mixed. Twenty—ml samples of sludge were obtained daily 
over a period of 10 days and treated in the same way as in Experiment 1,
Gas production was also measured in both the digesters.
Results
In Fig. 38, the effect of mixing the digesters contents on the removal 
of pathogenic salmonellas in digesting sludge is compared to their survival 
in a static reactor. As can be seen from the graph, the pathogens were 
quickly reduced in the stirred digester such that after 4 days digestion at 
35°C, there was a 2.5 log^g reduction in the number of salmonellas in the 
sludge and thereafter, pathogen removal occurred slowly and gradually, A 
similar reduction was also observed in the unstirred digester but the removal
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was very low on the first two days and then accelerated between 48 and 96 h. 
However, althou^the level of salmonellas in the unmixed digester was, there­
after, only marginally higher than in the mixed reactor, the concentration 
determined in various samples varied erratically on different occasions; for 
example, very low salmonella concentrations were detected on the 7th day 
whereas the numbers detected on the 10th day exceeded the concentration found 
on the 3rd day. These observations may be fortuitous but it is more likely 
that the variations reflect the sampling of "pockets" of low and high 
concentration of salmonellas in the unmixed sludge. Consequently an examination 
of multiple samples taken at different points and at varying depths in the 
digester may show an erratic but generally decreasing salmonella concentration 
in the sludge. The rate of elimination of the pathogen in this case will 
depend on the temperature of digestion as well as on the ratio of the sludge 
depth to the internal diameter of the digester, and this is fully discussed 
at the end of this section.
The results suggest that in the unmixed digester, salmonellas are able 
to survive for longer periods in small "pockets" (microenvironments) in the 
sludge which are protected from the bactericidal property of the digesting 
material by virtue of the fact that the "pockets" are situated in the dead 
(unmixed) zones in the digester. This may constitute a serious deficiency 
in full scale anaerobic digesters where inefficient mixing systems are 
common-place and low sludge depth to volume ratios may exist.
Examination of digester performance indicated that the total volume of 
gas produced during the 10 days of the experiment was appreciably higher in 
the stirred (2820 ml) compared to the unstirred digester (1455 ml). This 
difference occurred even though the pH in both reactors were nearly identical 
(6,85 — 7,20), However, the volatile acids concentration in samples obtained 
from the 2 units were markedly different; the total daily volatile acids 
concentration in the mixed digester increased steadily to a peak (1450 mg/ml) 
on the 6th day and then decreased slowly as gas production rose steadily.
In contrast, the acids concentration in the unmixed digester varied in dif­
ferent samples and did not show any trend. In some instances the concentrations 
were much higher than the peak concentration obtained in the stirred'digester. 
This result supports the view that "pockets" of different degrees of digested 
sludge occur in the unstirred digester and they may exert different effects 
on the salmonella populations present in the sludge.
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Experiment 3, Survival of salmonellas in raw sludge stored at ambient 
temperatures (18-21°C)
The results from the last experiment indicated that even in the absence 
of mixing, some measure of salmonellas destruction occurred in the digester 
containing 200 ml of raw and 800 ml of digesting sludge when they were 
incubated anaerobically at 35°C, The third experiment was performed to 
compare the effect of storage of raw sludge at ambient temperatures in 
open "tanks" with that of anaerobically digesting sludge at 35°C* Thie was 
done with a view to evaluating storage conditions for primary sewage sludge 
which might achieve some degree of destruction of bacterial pathogens prior 
to feeding the sludge to digesters. In addition, to evaluate the potential 
of mixing due to the rising gas formed during digestion, the sludge was stored 
in different sized containers so that for à fixed sludge volume (1000 ml), 
the ratio (R*) of sludge depth to internal diameter (ID) of the container 
would vary considerably.
Method
of Q suspension of 5. enteritidis in Ringers solution (O.Oggg =
1,80) was inoculated into each of two 1—litre samples of raw sewage sludge and
thoroughly mixed using a glass rod. One sample was then transferred into 
a clean wide mouth glass bottle (ID = 10,0 cm) such that R* - 1,27 (Digester 
a) and the other sample into a cylindrical plastic container (ID = 6,5 cm) 
such that R* = 4,64 (Digester B), The mouths of the containers ("digesters") 
were covered with a Dray-wipe cloth (to permit oxygen diffusion) and securely 
fastened with a rubber band. They were then placed together in a box and 
stored in the laboratory (daily temperatures ranged from 17,5 - 21°C), 
Twenty-ml samples were withdrawn daily for 16 days from each "digester" and 
examined for pH, volatile acids and salmonella concentration.
Note A difficulty arose during the sampling procedure. Since the contents 
were left unstirred, the sludge solids settled rapidly leaving a liquid 
layer (with a thin scum layer) at the top • Therefore, in order to obtain
a homogenous sample the following procedure was adopted: After the mouth
of the "digester" was secured with a tight fitting lid, the whole container 
was gently inverted twice to ensure mixing of the solid and liquid fractions 
of the sludge. It was then brought back to the upright position and a 20—ml 
sample withdrawn (using a 25-ml bulb pipette with the tip broken of to 
facilitate sludge withdrawal) for analysis. The cloth cover was replaced 
and the "digester" stored as before.
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Results
A comparison of the survival of S. enteritidis in separate samples of 
iludge store 
shown in Fig 39,
raw slu ed at room temperature or anaerobically digested at 35°C is
The rapid disappearance of S. enteritidis cells in the anaerobically 
digesting sludge in comparison to the stored sludges in "digesters” A and B 
indicate the differing conditions prevailing in these vessels. This was 
borne out by analysis of the pH and volatile acids concentrations in samples 
obtained from the digesters (Table 33), After 3 days, a 3,5 log^g reduction 
in salmonellas concentration was achieved in the raw sludge which was 
anaerobically digested at 35°C while in the same period, the decimal log^g 
reduction in salmonellas concentration in "digesters" A and 8 were 0,3 and 
0,5 respectively. In order to obtain the same reduction as in the anaerobic 
digester, the raw sludge would have to be stored for>2 weeks in "digester" A and 
1 week in "digester" 8, The longer period required in the former "digester" 
is presumably related to the sludge depth attained in the different vessels 
and this is discussed more fully at the end of this section, Salmonellas 
were not detected in the anaerobically digested sludge after 9 days but 
although the initial salmonella concentrations were nearly identical in all 
3 digesters, they were removed much more slowly in the stored sludges. This 
indicates the superiority of the anaerobic digestion process over simple 
storage for the elimination of ppathogenic bacteria in sludges. In the same 
period in which salmonellas were completely eliminated by anaerobic digestion, 
there were only 2.4 and 4.6 log^^ reductions in pathogen concentrations in 
"digester" A and "digester" B respectively. However, although salmonellas 
were still detectable in both "digesters" after 16 days storage (the room 
temperature ranged from 17°-21°C) their numbers were always appreciably 
lower in "digester" B than in A, Both contained the same volume of raw 
sludge and was partitioned from the same batch of material; the only difference 
is in the ratio (R*) of the sludge depth to diameter of the container in 
which the sludge was stored. Therefore the more rapid removal of salmonellas 
in "digester" B could be attributed to its larger R< value (4,64) compared 
to "digester" A (R* ~ 1,27), In structural terms, the longer and narrower 
sludge solids column in "digester" B creates the right conditions for 
anaerobic processes but although this can also occur in "digester" A, it is 
less efficient because of the thinner sludge depth and the larger surface area 
exposed,to the atmosphere. In both cases, only a thin and uneven scum layer 
was formed on top of the liquid fraction and due to the nature of the sampling 
technique, it probably did not form an effective barrier against penetration 
of oxygen into the liquid. However, salmonellas were destroyed more rapidly
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in the anaerobic digester even though its R* value (1.89) was comparable 
with that of "digester" A, and this again points to the preferability of 
anaerobic digestion at the higher temperature rather than simple storage.
Examination of the pH values of the sludge indicated only a slight change 
(0.15 - 0;2 pH units) in all 3 digesters during the first 24 h. After this 
it dropped fairly rapidly to 5.00 on day 8 in the anaerobic digester and 
the volatile acids concentrations rose sharply after the second day. In 
contrast the fall in pH were generally slower in the stored sludge samples 
although it occurred faster in "digester" B than in A. Similarly the acids 
concentrations increased faster in "digester" B but the concentrations in 
both samples were markedly lower than the concentrations in the anaerobically 
digester sludge.
Experiment 4. Rate of salmonellas destruction at different stages in a 
batch anaerobic digestion of raw sludge
The results of the first experiment showed that the rate of salmonellas 
destruction increased with the proportion of raw sludge in the digester. 
Nonetheless, when the concentration of raw sludge exceeded an upper limit 
(70—80%), pathogen removal was delayed by about 24 h. The purpose of this 
experiment was to examine the variation in rates of salmonellas removal in 
a batch reactor using raw sewage sludge.
Method
To one litre of raw sewage sludge in a bucket was added 6 ml of a 
suspension of S. enteritidis in Ringers solution (O.Og^Q = 1.85) and 
thoroughly mixed using a glass rod. The seeded sludge was then transferred 
into a digester (Fig. 34) and maintained at 35°C. Mixing was accomplished 
with the aid of a magnetic stirrer, Twenty-ml samples were withdrawn for 
analysis (pH, volatile acids and salmonellas concentration) daily for 6 days. 
After sampling on the sixth day, a fresh suspension of S. enteritidis (6,5ml; 
O.D55Q = 1.85) was inoculated into the digester and allowed to equilibrate 
for 15 minutes before a sample was taken out for salmonella enumeration.
The daily sampling and examination was then resumed for another 3 days, when 
the sludge was again seeded, for the third time, with a fresh inoculum of 
S. enteritidis (6.5 ml; O.D^^Q = 1,85) and its survival studied over the 
next 3 days. The scheme of the experiment is shown in the figure below.
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Inoculum 1
.&....... i   I
V V
■i... in,..,,. — L-....... >
Day 0 1 2 3 4 5 6 7 8 9 10 11. 12
Scheme of salmonella inoculations in experiment 4,
Results
Figure 40 shows the changé in- rates of salmonellas destruction relative 
to the pH and volatile acids levels during the batch anaerobic digestion of 
raw sewage sludge at 35°C.
The plot of salmonellas removal on the first 6 days is in agreement with
the results in experiment 1. After an initial lag of about 24 h, the
salmonellas were rapidly removed from the sludge (a-B in Fig 40; r = log^^
—1reduction in salmonellas concentration d = 3.19) but as the digestion 
proceeded, the rate of elimination of the pathogen decreased gradually such 
that between the third and sixth day, r = 0,75. However, when a fresh 
inoculum of salmonellas was introduced into the sludge on the sixth day, they 
were removed more quickly (r = 2.66) than in the proceeding 3 days (r = 0.75). 
Similatly a third inoculum on the ninth day of digestion resulted in a removal 
rate (r = 3,17) which equaled the removal in the first 24-48 h. Thus the 
results indicate that the bactericidal property of raw digesting sludge 
increases with the duration of the process. Examination of the pH and volatile 
acids levels showed that the pH dropped from 5,95 to 5,10 on the fourth day 
and remained below 5,00 throughout the next 8 days when the pathogen removal 
rates were highest. The volatile acids concentrations were also at their 
highest levels after the seventh day when the bactericidal potential of the 
sludge was also greatest.
From the results, it is suggested that the combined effects of high 
volatile acids concentrations ( >  1500 mg/l) and low pH ( <  5,00) created 
an unfavourable environment for the survival of salmonellas in digesting 
sludge. It is known (Prost and Riemann, 1967) that the minimum growth pH 
for salmonellas is 4,50 (with HCl and citric acids) but depending on the 
acid used to lower the pH (e,g, acetic acid), the minimum may be as high as 
5,50, In addition, it has also been reported (Meynell, 1963) that high 
volatile acids concentrations led to a rapid elimination of salmonellas in
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the mouse gut. The bactericidal factors will be discussed more fully at the 
end of this section.
The initial lag in the death curve may be attributable to several reasons, 
These include the possibility of a carry over of residual nutrients in the 
inoculum into the sludge thereby providing sustenance for the organisms for 
a brief period. However this is unlikely since the suspension for the 
inocula was prepared using growth obtained on a solid medium. Another 
possibility results from the "ZoBell effect" i.e. the pathogens are absorbed 
onto the particulate matter in the sludge and may undergo 1-2 replications 
using the concentration of nutrients available on the surfaces of the sludge 
solids. As the digestion proceeds, the particulate matter is degraded and 
the salmonellas may be released into the liquid phase where their overall 
survival is determined by a balance between cell replication and the lethal 
effects of decreasing pH and increasing volatile fatty acid concentrations. 
This process may explain the initial rapid reduction in salmonellas concentr­
ation which is presumably due to exposure and elimination of the "weaker" 
cells in the inoculum. This is followed by destruction of the remaining 
"more resistant" cells at a slower rate. Salmonella inocula during the 
later stages of digestion were eliminated with increasing rapidity because 
of the accumulation of volatile fatty acids and the low pH of the sludge.
Experiment 5 Survival of salmonellas in the solids and liquid fraction 
of digesting sludge
This experiment was conducted to examine the nature of the bactericidal 
agent which caused the rapid destruction of salmonellas during anaerobic 
digestion of raw sludge. It was decided, firstly, to determine whether the 
agent was associated primarily with the liquid or solids fraction of the 
dieting sludge. This was carried out as follows;
Method
Five—hundred ml of raw sewage sludge was anaerobically digested at 35°C 
for 6 days using the apparatus shown in Fig, 35, It was then centrifuged at 
7000 r.p.m. for 60 min, and the supernatant carefully decanted into a clean 
500 ml flask, A similar separation procedure was also performed with a 
500 ml sample of digested sludge obtained from the Woking plant. Both 
supernatant samples were filtered through Whatman GF/C glass fibre filters 
and distributed in 100 ml volumes in clean glass tubes fitted with ground 
glass stoppers. The solid fractions were washed twice by resuspension and
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centrifugation in distilled water and finally resuspended in 500 ml of 
distilled water. It was then distributed in 100 ml volumes as for the 
supernatant fractions.
For the experiment, duplicate tubes of the liquor and resuspended washed 
solids were each inoculated with 1ml of S, enteritidis suspension in Ringers 
solution (0,DggQ = 1,50) and incubated in a water bath at 35°C, The contents 
in the tubes were shaken occasionally and 1 ml samples were pipetted out 
for serial dilutions in sterile Ringers solution. Duplicate 0.1 ml volumes 
of the final 3 dilutions were spread onto BGS agar and incubated for 18-24 h 
at 37°C for the enumeration of salmonellas by colony count.
Results
The results plotted in Fig 41 demonstrate that the salmonellas survived 
for longer periods in the washed solids fraction of both the partially digested 
and digested sludge samples than in the liquid fractions, A comparison of 
their survival in the liquid portions showed that the pathogen was completely 
eliminated in less than 24h in the supernatant from the partially digested raw 
sludge whereas they survived for more than 5 days in the digested sludge super­
natant, This may be attributable to the low pH and the high volatile fatty acids 
concentrations in the former which was earlier shown to be unfavourable for the 
growth of salmonellas. The supernatant from the digested sludge was strongly 
alkaline and contained a low concentration of volatile acids (Table 34),
Table 34 Values of pH and volatile fatty acid concentrations in the liquid 
and washed solids fraction of partially digested and digested 
sludge samples.
Partially digested raw sludge Digested sludge
Parameter
Washed
solids
Liquid Washed Liquid 
solids
pH 5.50 4,95 6,60 8,10
volatile acids ■B 3700 387
cone, (mg/l)
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Examination of both washed solids fractions indicated no difference in 
their salmonella removal capacities in the first 24 h but beyond this time, 
the pathogens were more rapidly killed in the raw sludge than in the digested 
sludge sample as can be observed by the increasing divergence in the death 
curves shown in Fig, 41, This suggests that the toxic agent was being 
regenerated at a faster rate in the raw sludge. Addition of 50 ml of 
partially digested raw sludge supernatant to 50 ml of washed digested sludge 
solids resulted in a death curve nearly identical to that for the washed 
solids alone. This may result from a dilution effect of the toxic agent or 
may indicate that the digested sludge solids were able to deviate the toxic 
effect of the supernatant thus protecting the salmonellas populations in the 
sample. The observed reductions in the digested sludge samples could be due 
to several reasons and these are dicussed at the end of this section.
In conclusion, it has been clearly demonstrated that the bactericidal 
property of digesting raw sludge resides in the liquid fraction of the material 
and is generated from raw sludge. The technique of preparing the supernatants 
(by centrifugation) also removed bacteria from the liquid and therefore the 
destruction of salmonellas in the supernatant cannot be attributed to bacterial 
antagonism but is more likely to be due to some soluble products in the 
liquid which, under the conditions, were toxic to salmonellas. It is suggested 
that the agent comprises the volatile fatty acids. The presence of digested 
sludge solids reduced the lethal effect of the agent quite appreciably. It 
is not clear however, whether the bactericidal agent in both the partially 
digested raw sludge and digested sludge supernatants are the same since the 
pH of the two samples differ markedly.
The results in experiment 5 demonstrated that the bactericidal property 
of digesting sludge resided mainly in the liquid fraction of the sample. 
However, since salmonellas were destroyed by both "raw" and digested sludges 
(even though it occurred more slowly in the latter), it was uncertain whether 
they were caused by the same agent since the PH in the 2 supernatants were 
markedly different. Hence further studies were made on the partially 
digested raw sludge supernatant to determine whether the bactericidal 
property could be preserved when the pH of the supernatant was varied, and 
also the effect of temperature on the rate of salmonellas destruction by the 
agent. These studies are reported below.
192
Experiment 6 Effect of pH on the bactericidal property of digesting sludge 
supernatant
Method
For this purpose 200 ml of digesting raw sludge supernatant was prepared 
as in experiment 5 and dispensed in 50-ml volumes in clean glass tubes fitted 
with ground glass stoppers. The pH value of the liquid (5,00) was altered 
in 3 tubes to 6.10, 7,10 and 8,80 using IN NaoH and 1 N HCl,
One—ml of a suspension of S, enteritidis in Ringers solution (O.Dggg =
1,60) was inoculated into each tube and incubated in a water bath at 35°C,
One-ml samples were withdrawn at 0, 5, 24, 48 and 72 h with the aid of sterile 
pipettes and serially diluted to 10  ^in sterile Ringers solution, 0,1 ml 
volumes of the final 3 dilutions were spread, in duplicate, on BGS agar and 
incubated at 37°C for 18-24 h before carrying out colony counts for salmonellas.
Results
The plots in Fig 42 show that the bactericidal activity of the "raw" 
sludge supernatant was most effective at low pH and loses most of its activity 
in neutral or alkaline conditions. At pH 5,00, the initial inoculum of 
8,5 X 10 salmonellas /ml was completely eliminated in less than 24 h, A 
unit increase in pH extended the survival of the pathogens for another 3-J 
days. In alkaline conditions salmonellas survival was prolonged over many 
weeks, A IN NaoH solution was used to alter the natural pH of the supernatant 
from 5,00 to 8,80, During this procedure a strong whiff of ammonia was 
evolved from the solution and a greyish-brown precipitate was formed, which 
was soluble in IN HCl.
Ward and Ashley (1977) suggested that the virucidal agent in waste water 
sludge was ammonia; the virucidal effect of the agent was activated at high 
pH by the conversion of the non-virucidal ammonium ion into ammonia. From 
the results of this study it is concluded that the bactericidal agent in 
digesting raw sludge is not ammonia since it was inactivated at high pH, 
Instead, the findings suggest that the agent is probably a matabolic product 
of the anaerobic digestion process since the activity was increased with longer 
digestion periods for the raw sludge and it also active at low pH. The results 
also indicate that the bactericidal capacity of digested sludge, although it 
also resides mainly in the liquid fraction, is not due to the same agent 
which is present in digesting raw sludge since this agent looses its activity 
in neutral to alkaline conditions.
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Experiment 7 Effect of temperature from mesophilic to the thermophilic range, 
on the bactericidal property of digesting sludge supernatant 
and raw digesting sludge
Method
This experiment was set up as for experiment 6 but with the following 
alterations;
(1) the pH value (5,00) was left unaltered in all tubes,
(2) the temperature of incubation was varied so that one tube was 
incubated at each of the following temperatures;
35°C, 40°C, 45°C, ' and 55°C,
(3) samples were withdrawn for the enumeration of salmonellas at 
0 , 2 , 4, 6 and 24 h.
Results
The effect of temperature on the salmonella death curves in sludge 
supernatant are shown in Fig, 43; it shows that the bactericidal activity 
of the supernatant was greatly enhanced at higher temperatures. At 55°C 
the pathogen was completely destroyed in less than 7 h but the most rapid 
destruction occurred during the first 30—60 minutes and then more slowly.
At 45°C, a 3,5 log^g reduction was achieved in the first 2 h followed by a 
slower rate of removal to zero organisms during the next 3 hours. A similar 
observation was made at 40°C except that the time scale was expanded. At 
35°C the rate of heat inactivation of the pathogen in the presence of the
agent occurred in a linear fashion and complete removal was achieved within
24h.
These results demonstrate the efficacy of removal of bacterial pathogens 
in relatively short retention times when the temperature of the anaerobic 
digestion process is increased above the mesophilic range (>35°C), This 
was further demonstrated in a separate experiment by inoculating 6 ml of a 
suspension of S, enteritidis in Ringers solution = 1.80) into
separate 1 litre samples of raw sewage sludge in batch anaerobic digesters 
(Fig, 34) and examining their survival when the digestion process temperature 
was increased to 45°C and 55°C, The results are presented in Fig. 44,
At 55°C the salmonella populations were completely eliminated from sludge 
within 2h at a rate similar to the destruction in partially digested sludge 
supernatant only (Fig 43), However, although the salmonellas survived for
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less than 5 h in the supernatant at 45°C, they could still be detected in the 
digesting sludge (containing sludge solids) for up to 6h at 45°C, The 
marginal increase in survival time in the sludge sample compared to the sup­
ernatant at the lower temperature may be attributable to the presence of 
sludge solids in the former which damp the effect of heat inactivation to the 
salmonellas by absorbing much of the heat due to their larger surface area, 
whereas in the liquid the organisms were directly exposed to the effect of 
increasing temperature. No difference was observed at the higher temperature 
and this was possibly because the rate at which the heat was supplied quickly 
increased the temperature of the- solids and consequently it could not buffer 
the heat inactivation to the salmonellas in the sludge sample. Nonetheless 
a more important observation from the results is the difference in time taken 
to achieve complete elimination of. salmonellas at the different temperatures; 
whereas the period of survival in the digesting sludge could be measured in 
terms of hours in the thermophilic temperature range they survived for 
several days ( >  1 week; Fig 37) at mesophilic temperatures.
Experiment B Removal of salmonellas in an intermittently-fed anaerobic 
digester operated at 35°C and with a theoretical solids 
retention time (TRT) of 25 days
Results from the batch digestion experiments in the early part of this 
section demonstrated that salmonellas were totally eliminated from the raw 
sludge in <  9 days during anaerobic digestion at 35°C. This was significantly 
lower than the period reported by other workers ( ^ 2  weeks, Ruchhoft, 1934;
Mom and schaeffer, 1940; Shell and Boyd, 1969) and is due to differences in 
the experimental conditions used by the different researchers. Nonetheless, 
these results indicate the potential ability of the anaerobic digestion process 
to produce treated sludge free from bacterial pathogens if the conditions 
required to fullfill this aim are met. However, the majority of anaerobic 
digesters in the U.K. are not the batch reactor types but are mostly operated 
on an intermittently-fed basis. In a survey of 8 sewage treatment plants in 
England, 3ones et al. (1978) isolated salmonellas from 96^ of anaerobically 
digested sludge from these plants. In a similar survey in the U.S., Cooke 
et al (1978) reported salmonella concentration of up to 10^ organisms/litre 
in the digested sludge from 2 plants in Tennessee, In view of the wide 
discrepancy between the laboratory results and data from field studies, it 
was decided to investigate the survival of salmonellas in an intermittently- 
fed laboratory-model anaerobic digester with the primary aim of evaluating 
the effects of pathogen concentrations and feeding regimes on the efficiency 
of salmonella removal.
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Method
The apparatus used is shown in plate 5 , The first stage consisted of 
setting up the apparatus and feeding it with raw sewage sludge daily until 
steady-state conditions were achieved. This was carried out as described 
btelow.
Ten litres of digesting sludge wasd placed in the digester (Fig, 35) 
and purged with nitrogen _gas as described in 'Materials and Methods', The 
sludge was continuously stirred at 250 r.p.m. and maintained at a temperature 
of 35°C — 0,1° using a thermostatically controlled temperature regulator.
Gas production was measured by the acid—water displacement method as shown 
in plate 5,
On the second day, 400 ml of digested sludge was removed from the 
digester and replaced with 400 ml of fresh, well-mixed primary sewage sludge 
using the technique described earlier (sludge feed and withdrawal). This 
was repeated until the amount of gas produced daily was nearly constant and 
was achieved after 5 days. On the sixth day, a 100-ml sample was withdrawn 
and examined for pH, total solids and volatile fatty acids concentrations.
A week after the apparatus had been set up and equilibrated, the 
experiment was started by withdrawing 400 ml of digested sludge and inoculating 
10ml of a suspension of 5. enteritidis in Ringers solution (O.D^gg = 1,60) 
into the digester by mixing it with 400 ml of the raw sludge feed. The 
stirrer speed was immediately increased to 300 r.p.m. to aid the dispersion 
of the raw sludge and returned to the normal stirring speed (250 r.p.m.) after 
20 minutes, A 50-ml sample was then withdrawn via the sampling tap and 
analysed for pH, volatile fatty acids and samonellas concentration. Thus a 
daily withdrawal—feed—withdrawal procedure involving digested sludge, raw 
sludge and mixed sludge was carried out during the next 25 days but in all 
subsequent inoculations, the raw sludge feed was inoculated with a 1 ml 
suspension only of S. enteritidis (O.Dggg = 1,60-1,70) each time instead of 
10ml, Salmonella counts were thus determined initially in the mixed raw 
plus digesting sludge and subsequently on the outlet sample before the addition 
of the new inoculum. The exception to this pattern was on day 20 (Fig 45) 
when no salmonellas were added.
Results, ^
The graphs in Figs, 45 and 46 show the results of two separate runs. The 
concentration of salmonellas in the digesting sludge prior to and immediately
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after feeding of the digester with raw sludge seeded with salmonellas are 
plotted. During inspection of the graphs, the reader should bear in mind a 
24 h difference between inoculation of a seeded raw sludge sample into the 
digester and its destruction as determined by the examination of a sample 
of digested sludge obtained on the following day.
Inspection of Fig, 45 shows that even after the complete retention 
period of 25 days, the digested sludge from the completely mixed reactor was 
not free from salmonellas. This is principally due to the daily addition of 
fresh contaminated sludge' to the digested material in the tank. The drawn
off sludge will invariably contain a proportion of the most recently added
raw sludge which carries with it the salmonella organisms adsorbed onto the 
sludge solids. It follows that the greater the dilution of the raw sludge 
in the tank the lower will be the concentration of the pathogen in the digested 
sample, and that variations in the salmonella concentration in the feed material 
should result in a shadowing effect in their concentrations in the digested 
sludge. Superimposed onto these effects will be the actual destruction of the 
pathogen due to the bactericidal activity of the digesting sludge. These 
expectations were borne out by the results shown in Figs. 45 and 46,
Generally, the level of salmonella contamination in the digested sludge sample 
(after 24 h) increased as the concentration of the pathogens in the raw sludge 
increased, and vice versa. When the salmonella concentrations in the digester 
following feeding, were maintained at approximately the same levels (days 
16-19 Fig, 45), there was a marked reduction in their densities on the following 
4 days which indicated that the bacteria were being rapidly killed and the 
concentrations remaining in the digester represented the balance between the 
numbers being killed and the addition of new organisms with the sludge feed.
The result on day 21 (Fig 45) clearly demonstrates the bactericidal
capacity of the digesting sludge. The digester was fed with raw sludge only
(no salmonellas) on the 20th day and it was observed that the concentration 
of salmonellas in the digested sludge fell by 82^ (0,75 log^g) within 24 h.
This reduction compared favourably with the results obtained in the batch 
anaerobic digestion experiments reported earlier in this section. At a raw 
sludge concentration of 10^ in the batch experiment, there was a 1—log^g 
reduction in salmonellas concentration after 24 h whereas in this experiment, 
the raw sludge formed only 4% of the daily addition to the digester and 
therefore the reduction anticipated would be lower. This was further supported 
by the results obtained from a second run with intermittent salmonella 
inoculations, and is shown in Fig 46. The decline in salmonella populations 
in the digesting sludge between the 7th and the 9th day following no salmonella 
inoculation, was similar to that occurring in a batch anaerobic digester
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where a rapid removal phase proceeded a slower decline. However, when the 
raw sludge was further seeded with salmonellas (on days 9-13 inclusive) the 
populations in the digesting sludge rose and then fell again as the concentrations 
in the feed sludge were reduced.
Examination of the pH and volatile fatty acids concentrations including 
gas production indicated that the digester was performing normally and 
therefore the results discussed above reflected a true observation in an 
efficiently operating digester and not erroneous results due to digester 
malfunction. Throughout Tthe study, the pH of the digesting sludge ranged 
from 6,85-7,20 while the volatile fatty acids were present at low levels 
(120-230 mg/l). The amount of gas produced ranged from 1200-1350 ml daily.
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DISCUSSION
The experimental procedure used throughout this investigation was to 
seed sludge with larger numbers of potentially pathogenic salmonellas and 
then measure their reduction during anaerobic digestion. Samples containing 
sludge were always treated with manoxol and vigorously shaken for 20 minutes 
just before being analysed in order to free salmonellas from particulate 
matter.
The initial experiments carried out to determine the survival of seeded 
salmonellas (S, enteritidis) in anaerobically digesting mixed (raw and 
digested) sludge showed that the pathogens were eliminated at increasingly 
faster rates when the proportion of raw sludge in the digester was increased,7for example from an initial average concentration of 1,8 x 10 organisms/ml
3in the sludge, 4 x 10 organisms/ml and only 20 organisms/ml were recovered 
after ten days in the digester containing IO5È and 50% raw sludge respectively, 
but none were isolated in the digester containing 80% raw sludge. These 
results have important potential applications for the anaerobic digestion 
process if complete salmonella removal from sewage sludge is required and this 
is discussed later. The 24—h lag before commencement of rapid salmonellas 
removal in the presence of 80% raw sludge was reproducible and therefore was 
not a fortuitous result inherent in the method. Also the method of inoculation 
and dispersion of the salmonellas in the raw sludge at the start of the experiment 
excludes the possibility that the result of the sampling on the first day was 
due to unevenly distributed populations in the digester. Inspection of the 
pH and volatile acids concentrations in these model digesters indicated that 
they were within the allowable limits for the survival of salmonellas during 
the initial 24h and may thus account for the lag period. After this period 
however, both parameters became increasingly intolerable for the survival of 
the pathogen. Although the conditions in some of the other digesters were 
quite similar, the immediate removal of the pathogen in these cases may be 
attributable to the bactericidal activity of the digested sludge present in 
these vessels.
Examination of gas production showed that although gas was produced in 
the digester containing raw sludge only, the rate at which it was formed was 
low and the initial time required for the gas to evolve was also longer 
( >  3 days) compared to the other digesters,. Furthermore, based on earlier 
studies (O’Rourke, 1958; Almassi, 1976) it is most likely that the gas 
constituted mainly CO^ with a very low amount of methane. It was therefore 
assumed that two factors responsible for the slow performance of the digester 
initially are (1) the lack of initial and necessary bacteria in the form of 
starter to speed up the process of gas generation, and (2) the high organic
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content of the sludge. The latter also provided the acid forming bacteria 
with an abundance of raw materials which was rapidly utilised to form large 
amounts of organic acids and other intermediate substances which retard the 
activity of methane bacteria. This explains the very rapid increase in vola­
tile fatty acids concentrations in these digesters and also the concomittant 
decrease in pH,
Whilst it is recognised that agitation during anaerobic digestion has 
some positive effects on the performance of the digester (Verhoff et al,
1974) no experimental work has been carried out to study this effect on the
survival of bacterial pathogens. This first study has indicated that the 
salmonellas were able to survive in "pockets" within the environment of the 
unstirred digester. This was reflected in the fluctuating salmonella 
concentrations detected throughout the study in the unstirred digester whereas 
a duplicate, stirred vessel showed a regular reduction in salmonellas con­
centration with time. The serious implications of these results can be
deduced from other studies which showed that in full scale anaerobic digesters,
mixing efficiency is generally very low, F or example, using tracer analyses, 
Monteith and Stephenson (1978) demonstrated the existence of poor mixing 
in 2 separate full scale anaerobic digesters. In one plant, only 25% of the 
total volume of the gas—mixed reactor was active and consequently the effective 
hydraulic retention time was reduced to approximately 5 days compared to the 
theoretical mean of 22 days. In the other digester, short-circuiting around 
the actively mixed zone accounted for 61% of the input flow and therefore 
this fraction did not receive treatment. The results from such studies and 
the present one indicate the important consequences of inadequate mixing in 
anaerobic digesters — not only will it lead to incomplete stabilization of 
raw sludge but will also result in low or negative removals of the pathogens 
in the sludge. This is the most likely cause of some "odd" reports in the 
literature which showed that the salmonella concentrations in the digested 
sludge were higher than those in the raw sludge (Oones et al,1978) or where 
the reported salmonella concentrations in the digested sludge were as high5as 10 organisms per 100 sample.
Examination of the survival of salmonellas in raw sludge indicated that 
they survived for >  2 weeks when stored in the laboratory (17°—21°), This 
was considerably longer than the period reported by other workers, for 
example both Ruchhoft (1934) and Mom and Schaeffer (1940) demonstrated that 
the number of S, typhi (3 x 10 /ml) in raw sewage sludge was completely 
eliminated in 11 days at 20-22°C, However, the inocula in this study was
•72-log^Q higher (2 x 10 /ml) and may account for the difference in time taken 
to completely remove the pathogen from the sludge, A more interesting result
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from the study, however, was the difference in the rates of salmonellas 
destruction in the raw sludge when it was stored in different sized/shaped 
containers. Although markedly lower than the rate of removal by anaerobic 
digestion at 35°C, the salmdhellas were destroyed more quickly when the sludge 
was stored in deep containers than in shallow ones. This is because the 
deeper vessel resulted in a closer approximation towards anaerobic conditions 
than the shallow one and this was supported by the higher volatile fatty acids 
concentrations detected in the former vessel. In the field, a location where 
sludge storage occurs ie within the open tanks prior to their being pumped 
into the anaerobic digesters (Woking Works), A potential application of the 
results from this study would be to store the primary sludge in deep wells 
or in tubes prior to their discharge into the anaerobic digesters in order to 
achieve a preliminary "kill" of bacterial pathogens. Providing the R* value 
(ratio of sludge depth to internal diameter of pipe/well) is 4,6, a nominal 
retention time of 4-5 days could result in a 90% elimination of bacterial 
pathogens from the sludge.
The agent in raw digesting sludge responsible for the destruction of 
salmonellas was shown to reside mainly in the liquid fraction of the sludge.
It was thus soluble and was suggested to comprise the volatile fatty acids. 
Analysis of the volatile acids using GLC revealed acetic and propionic acids 
to be the major components. The activity of the agent was strongly dependent 
on pH and was roost active at low pH. It was demonstrated that pH alterations 
to near neutral resulted in marked reductions in the bactericidal activity 
of the sludge supernatant. As a result, the digesting sludge has significant 
bactericidal activity only at pH values below approximately 5,30 (Fig, 40),
The hypothesis concerning the nature of the bactericidal agent is strengthened 
by the results of Chung and Goepfert (1970) which showed that although the 
minimum pH recorded for salmonellas is 4,05 (with HCl) it depends strongly 
upon the acid used to lower the pH and may be as high as 5,50 (with acetic 
and propionic acids).
It was shown that the destruction of salmonellas in raw digesting sludge 
accelerated with increasing temperature above the mesophilic range. At 45- 
55°C, they were completely eliminated in under 5 h (< 2h at 55°C) but the 
presence of sludge solids appeared to dampen the effect of heat inactivation 
at 45°C,.
The final part of the investigation showed that salmonellas were isolated 
in all samples of draw-off sludge from the intermittently-fed, completely 
mixed anaerobic digester. This was due to dispersion of contaminated feed 
sludge inside the digester as a result of the efficient mixing system. There­
fore although the process is capable of removing pathogens from the sludge
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as had been demonstrated in the batch digestion experiments, some will always 
escape into the drawn-off sludge due to mixing. The concentrations detected 
in the digested sludge will therefore depend on a number of factors which 
includes the initial pathogen concentration in the raw sludge feed, the 
operational temperature of the digester, and the degree of dilution of the 
contaminated sludge feed in the digester (which will also influence the 
bactericidal activity in the digesting sludge since it was shown in the batch 
digestion experiments that increasing the percentage of raw sludge in the 
digester will increase the rate of pathogen destruction).
In summary, the anaerobic digestion process is a most effective method 
of eliminating pathogens of the salmonella group if operated as a batch 
process at mesophilic temperatures, Salmonellas removal as much as 7 log^g 
reductions in 9 days have been demonstrated in the model digesters, but this 
is not achieved in full scale digesters. This is principally due to design 
and operational deficiencies.
As outlined in section II (part 5,4,1) the anaerobic digestion of complex 
substrates is mediated by two distinct microbial groups (acid formers and 
methane bacteria), and since these two groups are believed to differ sign­
ificantly with respect to physiology, nutritional requirements, environmental 
optima, and sensitivity to environmental stresses, it is the belief of several 
résearchers that culturing these organisms in isolated optimised environments 
should result in improved overall process efficiency, reaction rate, and 
stability (Gosh, 1971; Gosh et al.1975; Borchardt, 1971), The successful 
application of this concept depends on the feasibility of physically 
separating and maintaining dominant cultures of nonmethanogenic and methanogenic 
organisms in two separate digesters. Of the several techniques available, 
the ’kinetic control’ of nonmethanogenic and methenogenic organisms growth by 
adjustment of dilution rates and cell maos recycling in each of the digesters 
is most favoured (Pohland and Gosh, 1971), The success of the separation 
is contingent upon the proper selection of the dilution rate (or detention 
time) and organisms recycle ratios for the two digesters,
For example the detention time selected for the "acid" digester should 
promote conversion of the substrates to volatile acids at the maximum rate 
and at the same time be shorter than the critical detention time of the 
methane formers to promote the selective enrichment of acidogenic metabolism 
in a separate environment. The advantage of the two stage process of 
anaerobic digestion from the point of view of elimination of pathogenic 
organisms, is clearly the formation of ideal conditions in the "acid" digester 
which can result in complete removal of bacterial pathogens in relatively 
short times. The results from this study indicates that this may be less than
9 days.
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SECTION Ml GENERAL DISCUSSION
It is safe to say that relatively large numbers of salmonellas enter 
the waste water treatment plants at Guildford and Woking daily. The recovery 
of these pathogens was accomplished in all raw and settled sewage samples 
examined and in almost every sample of final effluent examined throughout 
the period of study. Without considering the effects of dilution in water­
courses, only ten samples (22%) of final effluent from the Guildford plant 
and three (3,1%) from the,Woking plant would meet the "No salmonellas in 
1000 ml" guideline for the quality of surface water intended for abstraction 
for drinking water, (EEC Directive of 16 Dune 1975; Goodman,1979) and none 
would conform to the mandatory value of "zero (0) per litre in 95% of 
samples examined for salmonellas” as outlined in the "EEC Directive on 
Quality of Bathing Water" (Gameson, 1979), Even allowing for a very satisfac­
tory dilution of 1:20, (sewage in river water) only 44% of the final effluent 
samples from the trickling filter plant would conform to the former proposals 
and would still lie outside of the directive on bathing water quality. In 
contrast the effluent from the activated sludge process, similarly diluted, 
would conform to both the "Directives", Thus if the EEC regulations are to 
be strictly adhered to in the U,K,, then the activated sludge process, as 
operated at the Guildford works during the study period, is clearly the 
preferred choice for waste water treatment. This is not only with regard 
to the removal of bacterial pathogens (as demonstrated in this study) but 
also to the production of chemically higher quality effluents (Prinsloo et al, 
1978),
The concentration of the indigenous salmonella populations in raw sewage 
varied diurnally and seasonally. More salmonellas were detected in the cooler 
months (Dan, - may and Nov, - Dec,) when the influent flow rates were generally 
20% higher than in the warmer periods. The seasonal peaks are therefore not 
significantly influenced by dilution. Examination of the number of human 
clinical cases of salmonella infection reported by the PHLS (Guildford) 
during the same period did not show a marked increase during any part of the 
year, and thus did not correlate with the observed seasonal fluctuations in 
salmonella concentrations in the raw sewage. This would at first suggest 
additional contamination from other sources, possibly from the excreta of 
infected and carrier animals, and from commercial establishments (butchers, 
abattoirs, etc,). However, a carefully conducted study of the diurnal 
variations in salmonellas concentration in the raw sewage suggested that the 
majority of the salmonellas were from human sources (clinical cases, 
convalescents or carriers). This was because although their daily peak 
concentrations differed greatly, they occurred at approximately the same
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times and were closely related to the pattern of water usage and excretory 
habits of the community. One implication of these results, which is reported 
here for the first time, is that in order to recover high concentrations of 
salmonellas in raw sewage, the sample should be obtained in the morning 
approximately 2h in advance of the maximum influent waste water flow into 
the treatment plant. The results also support the Concept that the occurrence 
of non clinical infections in a community is more extensive than the number 
of notified cases of salmonella infection. This is due chiefly to the 
occurrence of symptomless_ excreters both in the animal and human populations, 
for example, Nicol (1956, vide McCoy, 1957) recorded that in an outbreak of 
a mixed salmonella infection involving 261 persons, 61% showed no symptoms 
of illness. Similarly, the number of asymptomatic salmonella infection in 
cows, for instance, is becoming increasingly frequent as determined from 
routine rectal swabs (Animal Disease Report, 1978),
Serotyping of the isolates demonstrated that a wider range of serotypes 
were present in the sewage than was reported by the PHLS (Guildford),
This substantiates the points discussed in the paragraph above and provides 
further evidence that the absence of known infection in an area is no 
guarantee that specific types of salmonella will be absent in the sewage from 
the area. Although S, derby was detected in large numbers in raw sewage, 
there were no reports of human infection caused by that organism. The reasons 
for this, however, are not clear. Certain serotypes were detected at one 
town only but the more common serotypes, for example S. typhimurium,
S, bredeney, and S» virchow, were found at both the Guildford and Woking 
plants. These differences are related to the "degree of contamination" in 
the two towns, for example, by the number of clinical cases of salmonellas 
infection caused by the different serotypes, the presence of asymptomatic 
excreters and carriers, and the salmonella contamination of fresh consumables 
such as meat, poultry, fish, cakes, ices, animal feeds etc. The contamination 
of animal feeds, for instance, by a specific serotype will result sooner or 
later, in the appearance of that serotype in the sewage of the town using 
that particular brand of animal feed but not the other town. The predominant 
serotypes (e,g, S, typhimurium, S, bredeney) occur in both towns and is due 
largely to "common source contamination" (for example, the importation of a 
contaminated product from the same supplier) or as a result of dissemination 
by birds. Consequently, because of the complex routes by which salmonellas 
may reach and cause infection in the human population, it may be altogether 
impractical to completely eliminate the pathogen from the environment but 
nonetheless, any measures designed to reduce or break a part of the cycle 
(rig 1,) can have a positive effect in reducing the transmission of salmonellas. 
This can be achieved through efficient sewage and sludge treatment processes.
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It was evident that primary sedimentation played a major part in the 
overall efficiency of salmonellas removal during waste water treatment, and 
accounted for an average removal of 70—80% of the pathogens from waste water 
prior to biological treatment. The data presented support the hypothesis of 
a positive correlation between the removal of solids and salmonellas during 
sedimentation, which is attributable to the adsorption of bacteria onto sett- 
leable solids in the crude sewage. In retrospect it would have proved 
interesting to extend the field survey to laboratory sedimentation studies, 
using properly designed settling columns, to examine the efficiency of solids 
and salmonellas removal under varying conditions of flow and in the presence 
or absence of coagulants at different temperatures. Nonetheless, the field 
data presented point clearly to the importance of retention times and flow 
rates as indicated by the slightly more efficient sedimentation process at the 
Woking plant. It is therefore tenable that improvements in tank design pliis 
maintenance and operational procedures can greatly increase sedimentation 
efficiency and hence salmonellas removal. It has been suggested (Perkins and 
Wood, 1979) that for the circular, upward—flow sedimentation tanks (Fig 6b) 
the maximum upwards velocity should not exceed 1,5 ra/h and should allow a 
minimum retention period of at least 6h at dry weather flow (DWF), While 
these requirements can be readily complied with at most works, other factors 
are more difficult to control since they involve design features, for example, 
the inlet and outlet arrangements to the tank. The raw influent should be 
properly and evenly distributed to the number of settling units to minimize 
preferential feeding or starvation of tanks after flow-splitting. The 
location of the inlet pipes should be given careful consideration to reduce 
turbulence and the inlet baffles should extend nearly to the bottom of the 
tank to avoid streaming of liquid over the weirs. Sludge should also be 
regularly removed to prevent resuspension of sludge solids due to shear flow 
at the liquid interface. By contrast, the activated sludge settling tanks’ 
sludge should be continuously withdrawn at proper rates to prevent biological 
dénitrification from taking place.
The numbers of salmonellas in the final effluent varied less in the 
activated sludge than in the trickling filter plant. Salmonella densities 
in the final effluent from the activated sludge process rarely differed by 
more than ten organisms/litre but the difference between samples from the 
trickling filter plant regularly spanned 1-3 log^g. Considering that the 
95% confidence interval for a five tube MPN procedure spans almost a factor 
of ten around the MPN, then there is most certainly a higher level of pathogens 
in the effluent from the trickling filter process. One implication of these 
results for the sewage works manager is clearly that plant design, both at the 
primary sedimentation stage and in the choice of aerobic treatment can 
significantly affect plant performance with respect to pathogen removal.
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If a limit on the pathogen content of the final effluent were to become 
mandatory, then the choice of properly operated activated sludge plant is 
clear cut. It is unlikely that higher effluent standards for pathogen 
numbers discharged, than those achieved by the Guildford works, would be 
imposed in the U.K., but if they were then further consideration would 
need to be given to tertiary treatment, such as lagooning or sand filtration.
In an attempt to substantiate the role of protozoa in sewage treatment,
S, enteritidis cells were inoculated into a sample of aerated activated sludge 
in the laboratory and the populations were examined at 2 hourly intervals 
over 24h* It was discovered that a rapid reduction from the liquid phase 
took place, but it was not possible at first to estimate how many bacteria 
were removed by the ciliate protozoa because a high proportion were also 
removed on to the activated sludge floes. However, inactivation of the ciliate 
protozoan populations using manoxol confirmed the remarkable potential of 
peritrich protozoa to remove salmonellas from waste water during treatment 
by activated sludge. It is difficult to conceive of any primary mechanisms 
other than feeding by protozoa and adsorption which could equally effectively 
and rapidly remove salmonellas from the liquid waste water during biological 
treatment. It was further demonstrated that aeration at higher temperatures 
greatly speeded salmonellas destruction up to 25°C, but at 3Q°C the removal 
rate decreased sharply due to destruction of the ciliate protozoa at this 
temperature. Nonetheless, it must be borne in mind that the efficiency of 
the laboratory model is inevitably greater than operational plant because of 
the batch nature of the model and some care must be taken when extending the 
information obtained here to full scale plants. For example, more than 99% 
of salmonellas were eliminated within 6 hours of aeration in the model 
activated sludge process but removals in the operational plant reached 95-100% 
only after 10-12h aeration. In addition, the effects of temperature are less 
noticeable in the field because of the small daily variations (^  2°C) and 
also because this factor cannot be considered independently of other elements, 
such as flow rates, retention times, organic load, and oxygen penetration, 
that influence the efficiency of the system. Operational factors such as 
flow rates and organic loads, and the concentration of toxic materials 
including heavy metals, can seriously affect the growth and survival of 
protozoa in activated sludge which in turn directly affects the efficient 
removal of bacteria and the quality of the final effluent. Nevertheless, 
if the temperature could be maintained at the higher levels continuously, 
for example through the use of heated water from cooling towers of power plants, 
the efficiency of the activated sludge process will most certainly be augmented 
both, in terms of producing chemically higher quality effluents and achieving 
huge reductions in the number of bacterial pathogens.
211
In view of the increasing use of sewage sludge in agriculture, it becomes 
doubly important to ensure that the pathogens which it contains are destroyed 
prior to their application to land. All indications are that the anaerobic 
digestion process is a most effective method of eliminating salmonellas if 
operated as a batch process at mesophilic temperatures. The results presented 
show that pH and volatile acids concentrations would seem .to be important 
factors in achieving rapid destruction of salmonellas and the intermittently 
fed digesters cannot attain maximum pathogen kills because the pH is maintained 
near neutral for gas production and the volatile acids concentrations are 
always low ( ^  350 mg/l). Furthermore, the daily feeding regime with 
contaminated raw sludge will always introduce fresh organisms into the digester 
and thus maintain a background level which can be detected in the draw—out 
sludge due to the slow kill of the process. This problem can be critical 
when the digester is not functioning properly through inadequate mixing or 
short-circuiting problems. In the Woking sewage works, salmonella concentrations 
up to 1,5 X 10 /litre have been detected in the raw sludge while the 
populations in the digested sludge vary from 50 to 1,6 x 10 organisms/litre.
From this and other data, (Cooke et al, 1978; Dones et al., 1978) it is clear 
that operational practice for anaerobic digesters varies significantly from 
one sewage works to another. The primary consideration is usually to reduce 
a large volume of the volatile solids and not to maximize pathogen destruction. 
However, in the U.K. it is likely that pathogen standards may be applied to 
sludges/slurries intended for application to agricultural land and it is 
clear from the data presented that several fundamental changes in the mode 
of operation of anaerobic digesters would be necessary to ensure that 
salmonellas and other pathogens are reduced to uniformly low concentrations. 
Innovations and changes which would improve pathogen destruction are itemised 
and discussed below;
(1) Change in feeding regime. An effective means of increasing the bacterial 
pathogen kill would be to feed the digester once every 2 days instead of 
daily or continuous feed. The problem of a reduction in the solids concent­
ration in the digester, possibly accompanied by a lower gas production could
be overcome by firstly concentrating the raw sludge prior to feeding by gravity 
settlement in narrow wells. This would not only have the effect of maintaining 
a high solids concentration in the digester but would also achieve some degree 
of kill during the storage period as shown by the data presented. However, 
it might be necessary to correct the pH of the sludge prior to feeding since 
storage of raw sludge for >  24h would result in rapid acidification,
(2) Thermophilic digestion. It was demonstrated that a rapid and high degree 
of destruction of pathogens can be achieved by short-term heat treatment at
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temperatures of 45°C and above. However, before this method can become a 
viable proposition in operational plants, further research is necessary to 
evaluate the effect of heat on the populations of the acid producing and 
methane producing bacteria and to determine the acclimatization period for 
these microorganisms at different temperatures,
(3) Mixing. Complete mixing of the digester contents will result in a more 
efficient destruction of salmonellas due to the elimination of dead zones, 
thereby increasing the detention time in the digesters, and also resulting
in a greater dispersion of the pathogen which will be exposed to the bacteri­
cidal potential of the digesting sludge. Mixing efficiency may be improved 
by recirculating the sludge using external pumps or by recirculating the 
digester gas through the digesting sludge. However, what is needed is a 
fundamental change in the basic design of anaerobic digesters. Recent 
developments in this area suggest that the egg-shaped digester, which is 
alfeady in use in parts of Europe, produce operational and maintenance 
savings, compared with conventional digesters, and it practically eliminated 
cleaning and increased mixing efficiency (Nelson and Baley, 1979),
(4) High lime treatment to pH 11,0 will inactivate or kill most pathogens 
and other organisms but does not destroy volatile solids.
(5) Two-stage anaerobic digestion process. Apart from adopting radical changes 
in digester design to improve performance, this is potentially the best method 
of achieving a high degree of stabilization of raw sludge including maximum 
pathogen destruction. Some measure of success has been reported (Gosh and 
Klass, 1978) using this method for t he anaerobic digestion of sewage sludge.
As demonstrated in this study, the conditions achieved in the acid digester 
in this case would be ideal for the destruction of salmonellas and possibly 
other bacterial pathogens also.
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These tables indicate the estimated number of bacteria of the coliform group present 
in ]00 ml of water, corresponding to various combinations of positive and negative 
results in the quantities used for test. The tables are basically those originally computed 
by McCrady (1918), with certain amendments due to more precise calculations by 
Swaroop (1938); a few values have also been added to the tables from other sources, 
corresponding to further combinations of positive and negative results which are likely 
to occur in practice. Swaroop (1951) has tabulated limits within which the real density 
of coliform organisms is likely to fall, and his paper should be consulted by those 
anxious to know the precision of these estimates.
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APPENDIX 2 (continued)
Tabl! Ill— r i ' n i i t i i i t i i
Ouantily o f water put up in 
each tube 10 ml 1 ml 0 1 ml
Number of lubes u se d ................ 5 5 5
5 2 0 505 2 1 705 2 2 955 2 3 120
5 2 4 150
— 5 2 5 175
■ 5 3 0 80
5 3 1 110
5 ,t 2 140
5 3 3 175 Most5 3 4 200 probable
number of5 3 5 250 coliformNumber of lubes giving positive 5 4 0 130 organismsreaction. 5 4 1 170 in 100 ml4 2 225 of the5 4 3 275 original
water.5 4 4 3505 4 5 4255 5 0 250
5 5 1 3505 5 2 550
5 5 3 900
5 5 4 1,600
5 5 5 1,800 4-
Note.— The mosi probable numbers 20 to 200 arc correct to the nearest Î ;  
500 are correct to the nearest 50,
rom 0 to 20 are correct to the nearest unit; from 
om 200 to 5tX) arc correct to the nearest 25; above
APPENDIX 3
Roppapori Broth ( [veson. Kovâcs and Lain ie, 19h4) 
Solution A  :
T r y p t o n e ........................ ...........................................
KH.PO.............. .........
Distilled water t o ....................................................
5 g
8g  
1-6 g
1,000 ml
This solution should be prepared on the day of use by boiling the ingredients in the 
distilled water to dissolve them. No further sterilization is then necessary.
Solution B:Mga,6H ;0 .....  ..................
Distilled water ......................................... 40 g 100 ml
Solution C;
Malachite green 
Distilled water 0 4 g 100 ml
^  For use, to 1,000 ml of Solution A is added 100 ml of Solution B and 30 ml of Solution
The complete medium is distributed in suitable volumes in screw-cappedcontainers 
and sterilized by steaming for 30 minutes. Tttc complete medium may be held at room 
temperature for at least one month without deterioration.
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APPENDIX 4 List of salmonella agglutinating sera (Wellcome Laboratories 
Limited) used in the study
Antiserum Code Antiserum Code
Polyvalent 0 (A-S) ZC02 i - H ZD19
Rapid 1-H (b,d,E,r) ZD02 r - H ZD25
Rapid 2-H (b,E,K,L) ZD03 K - H ZD20
Rapid 3-B (d,E,G,K) ZD04 b - H ZD06
3,10,15,19 - 0 ZC12 d — H ZD08
4 - 0 ZC13 Z - H ZD27
5 - 0 ZC14 ^10 - = ZD30
6 , 7 - 0 ZC15 ZD29
8 - 0 ZC16 ^29 - ® ZD32
9 - 0 ZC17 eh - H ZDIO
1 0 - 0 ZC19 enz - H ZDll
13,22 - 0 ZC21 fg - H ZD14
1 4 - 0 ZC22 mt - H ZD34
1 5 - 0 ZC23 gst - H ZD18
1 9 - 0 ZC27 gm - H ZD15
20 - 0 ZC28 Iw — H ZD23
Polyvalent-H sp.&non-so. ZDOl Iv - H ZD22
Polyvalent-H non-sp(1,2,5,6, 7) ZD35 c - H ZD07
1,2, -H ZD36 a - H ZD05
1,5 - H ZD37 y — H ZD06
1,6 - H ZD38 L - H ZD21
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